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PREFACE

This symposium has been Organ~ized to review thep .;t,) fth-r in OieIdevelopment of base bleed projectiles anid its related :csearch.. It was caociwvci
to fill the gap in the coverage of this new -field of mrajor tehnical ar'cý
commercial interest. Although other meetmnqs have inciuded, a few p:ar.ers er,
Base Bleed, it has no-L previowsly, bee, possible to devote any deptl, to this;
ý;ubj,,ct. Since base bleed priojectiles have recently been seriou~ly considered foi-
production in several countries, and viiil likely becomrye standard amn un,'tion in
the armed icorces (if many nations in the ne.:'t dezade, (he need for such meetings
is apparent.

It is intended that a series of symposia on Specia! Topics in Chemical PropulsionI will be held in the future. It istentative'y planned to hoHl the second meeting in
the United States or W~est Germany, in Spring of 1990, with the, provisional
subject area being Combustion of Boron and' Metal Particles in Solid-P'opel~ant
F-lames. It is also anticipated that this meetir.g will be held u~~r~'
chairmanship of Professor Kenneth 1". Kuoe, with spcrnsorship to be p.rovided by

interested parties.

Following this meeting we will, with thc help cof tflv, authors of the varic'as
papers, edit these proceedings, whi,_i will -ýheri be publishýFd by, and3 rommercially available from, Hemisphere Pobhshing Corpeor'Aticn.

We would like to take this opportunity tu .)cknowle.ige the: financial assi-Aance
q'ven towards th"is meeting by the Euro~pean iRcsearch Officiý o) the- United Siact2!
Armoy (Londcln, O.K.) and by Space Research Corporatiun (ýSVLussels, Relgiumn) We
would also like to thank Mrs. Ginny Sm-iti. for her qireas help ir. maintaining
excellent records of conference papers, -or.'rnmunication be'Oveen dariou.s parties,3and in dievelopmrent, of the m-eaunq proyramn.

Kenneth K Kuo Jamies N. Hemrnig
Symposiurr Chairman Syrnposiurv _.caordina~tor -

Disti igmisne.d A101111i Professor of F&.C.1.

3 ..1echanlca! vrigineering -A

'Te P,_nr~sylvania State (Un1VCr' Ity ( 11 J
CO)PY
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BA, ,F T)PFC,(HN()M1 (X.Y IN PL-LRiSLPECT1VE

i Dr . (;. V. Bu 11

""ir -.l up '2r-esident, SRCI
I

I N TRODUCT I ON

I- In scientific macters, as true in any general relating of
human affairs, the versions of historical events often
differ radically dependent on the historian. Often thereI exists a valid basis for the differences; unfortunately, and
more frequently, there does uot. The twisting of truth to
perpetuate unfounded propaganda justifying past actions, or
to inflaLe national or personal roles played, is the commonI stuff of history. The mixed blessinG of alledged jour-
nalism, constituting the public m'edia and often used as
source references, generally relates more propaganda thenI reality. A short reference period in any archives reveals
to the reader yesterday's "newspapers" filled with yester-
day's lies. Probably more wars and chaos have been created
by media propaganda than any other single source.

The above may seem somewhat irrelevant to the technical
subject of this meeting. However I believe it approp]ri-ate
in view of the rapid developments that have taken place in
the application of the technique of Base Bleed to artillery
in the last decade. These accomplishments in the practical
application field tend, for a variety of reasons, to over-
shadow the lengthy historical base on which the technology
rests. Since the papers in this conference are dedicated to
the status of the applied development, it was flt ap-
propriate to include at the outset a brief review of the
history of the relative aerodynamic and aero--mechanical
background with, of course,a look at the presently un--
resolved, complex problems.

FLOW ABOUT BODIES OF REVOLUTION

The (General Flow Field

"By simple applicatimn of the conservation of momentum
principle, Sir Isaac Newton deduced the general relation
that a flat plate inclined at an angl.e to the airstream
iwould have forces acting on it parallel and per pendicular to
Lhe flow ve±!ocity vector of the general form

I.



Force -= Constant 1/2 • V 2

where p is T.he air density and V is the freestream velocity.
(The cornstant for the vertical componEnt being proportional
to the siine of the angle Df inclination to the flow stream).

This deduction failed. to take into account the potential

nature of flow fields wherein the disturbance to the flow by
the body is propagated throughout the surrounding flow
fields. For the case of irrotationai, -inviscid flow; the
potential field defines streamlines which must satisfy the
Laplace equationi

v 2 4 =0

with the flow beina affected significantly at large dis-
tances from the body. Early attempts by mathematicians to
determine the effe-t on bodies immersed in irrotational flow
fields resulted in D'Alembert's paradox (1744) that no net
forces could be developed. The introduction of the concept
of circulation (Helmholtz) implying vorticity and rotational
flow led to the solution of the inviscid, incomoressible
flow equations yieldinq the relations

L = 0 K V , T) =0

where L is the lift, force, D is the drag force and K is the
circulation.

The resclution of this paradox was accomplished by Prandtl
(1904) bv the introduction of the bourndary layer, which
essentially divided the flow about a body into tw-) regimes.
A thin layer adjacent to the body surface had to satisfy the
no-slip condition, so that the fluid velocity went from a
zero value on the wall surface to full free streamn value a
short distance away from the surface. This viscous flow
layer, the boundary layer, had to satisfy the general
Navier-Stokes equations. Outside this layer the field would
behave as irrotational, inviscid flow.

As the flow progresses along a body, the boundary layer
increases in thickness; against an increasing pressure
gradient, the boundary layer flow momentum -an fall below
the value required to sustain the flcw. Reversed flew
inside the boundary layer can occur, with eventual separa-
tion of the boundary iayer from the surface, such as the
c_.-se of a wing prcfile at high angle of attack

While the general aerodynarmic problem is r. ot di rectly
relevant, at least in passing we should observe that the
aircsr aft aerodynomriciLst expended enorrriojs effort in overcom-
inq boundxi r' laye:r sepalatiti on. This, work incl. uded i ii.ecting
energy i nto _ .L bou ndarw y layey , boundai y I aytr uc. t. •c on , etc

fri thi s c.ue, he was pri ial y i L It, est ed "n high lift.- toI
dt ag f.cjt. os arid preventing the o ~set of staillIinC.

"i" re.i 2 at i '1ll t'o bodi Es u 1 r evo ut i on, the ax iS ylilrtr i c Io

(,.al L) e d i Vo-I _ de dI i s 0:t , bt )t. C rI r !e e d 1 1 (..W
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regimes if cunsideration is restricted to bodies at essen-
tially zero angle of attack. These are illustrated in
Figure I (a 11n the case of supersonic flight. and may be
noted as

1 . The inviscid flow field outside of the boundary layer.

2. The viscous boundary layer flow to the rear edge.

3. The "dead zone" or cavity region terminated by a rear
stagnation point.

4. Toe separated boundary layer merging behind the rear
stagnation point into a neck, with the turbulant wake
flow after the neck carrying the fluid downstream and
expanding, causing a recomprission shock to form in the
outer inviscid flow region.

:. The far wake region.

The flow illustrated in Figure I (a) becomes considerably
more complex when examined in detail, and of virtually
unlimited complexity for the case of interest here, namely a
yawing body with surface protrusions and a high spin rate.

The bjw shock is curved through interaction with the expan-
siort field about the ogival shape. The boundary layei, grows
as the fl, ow proceeds ever the body, its thickness and natureI a function of the Reynolds number and Mach number. The
Reynolds number dominates the boundary layer characteris-
tics, and is the ratio of the fluid momentum to viscous
forces given by the dimensionless relation

vl Qvl

where v is the local velocity, 1 the characteristic flow
length and \) is the kinematic viscosity, the viscosity,,.,
divided by the density,p. Surface roughnesis, temperature,

sL rAPATEL, 500NDARY
"LArEA rLow

' LAM NAI. OP TJAAUIENTI /' //, ,,

- " - -� 7 LA- STA",A/ION
- A-** .A~'O'. / --. /Pd NT

'< -. ... ... L o: 4 - 3]-A- •. 77. .I-

dF+ ( luýtlat loll o ft low about an
-•'•s~ziuet. l 'body at zer~o inlg~le ot ,t-.tack.:I

___ ___!_ _



pr(otuberarnc es (dri vinri bands , ni b e tc) add to deterinI n i ng
the bcundarv layer and general finr iiature.

The W/ake Flow

At very high Reynolds numbers, the boundary layer will be
extremely thin; at low Reynolds numbers, it will be of
appreciable thickness at the base of normal axisymmetric
shapes of interest. A generally accepted, overall model of
the wake flow is shown in Figure 1 (b) for the case of no
yaw. Restricting our interest. to thie supersonic Mach
number regime, we should note that boundary layer flow will
consist of numerous internal layers which as traversed will
pass from supersonic adjacent to the tree stream, through
the transonic regime to subsonic flow in the region adjacent
to the surface. As separation takes place the inner sub-
sonic layer will turn generating a Prandtl-Meyer typeexpansion throughout the supersonic portion of the flow
field. Within the supersonic portion of the boundary layer,
a lip shcck may form due to boundary layer expansion and be
propagated into the inviscid flow field.

The expanding boundary layer will be bounded by a separation
streamline delineating the viscous region from the main
inviscid flow on its outer surface and by what has been
termed the Dividing Streamline (DSL) on its inner surface.
The Dividing Streamline separates the inner cavity flow
region from the viscous boundary layer', and terminates in
the rear stagnation point which closes off the near wake
cavity region adjacent to the base. Within the cavity
region low pressure, low velocity circulatory flow is
postulated.

Beyond the aft stagnation point a neck occurs in the bound-
ary layer flow, with subsequent expansion into the far wake
region. This causes Lhe formation of the wake shock as
shown.

/ [-XPANSION
/ WAVE

/N S I WAKE SHOCK WAVEFLOW-----m /

l S~~~OUNOAPY 6",-/ 6// "/ "
/,

--L 7 A /--• E 
/.. LA/("E / . / • / , . / .. .. . - . 7.. ,../ ." " //

--- "' '...... /"ii • ' %"" " :'

"1 . _.._S l
J"CU F b- .A/1F / -. . .... -.... .. ...

-<m• " CA V Tg F O

, b . Leta ls cf ý,oStulat<,d upe .o t. base fI c:w .



I t1he flow I.]]tLstrated is in as S imple a forin as possible. In
the more general case the boundary layer at the base prior
to orY even after separation, may be all turbulent, or a
muixture of turbulent and laminar layers. After separation,
the boundary layer may have viscous mixing regions, entrain-
in ing gas both fronl the cavity zone and the inviscid flow

* zone.

Thus the detailed calculation of the base flow even for the
case of zero yaw and spin, is beyond any generalized
treatment. Clearly there will exist a significant scale
effect, where 6S /D, the ratio of base boundary layer thick-
ness to body base diameter, is important.I
DRAG OF AXISYMMETRIC BODIES

The total drag of a non-yawinq axisymmetric body such as
considered in Figure 1 (a) , is cenerally considered as con-
sisting of three main components

1. Prof Le (form or wave) drag
2. Skin friction drag
3. Base drag

The objective of the designer is to minimize each of these
components to obtain maximum range for a given snell muzzle

* velocity.

The exact theoretical determination of all drag components
for long range shell firings is well beyond our present.
ability. As will be discussed in more detail, the real
trajectory conditions involve a spinning-yawing shell
traversing rapidly a large Reynolds number range and a
significant Mach number range. Semi-empirical codes have
been developed which of course are force-fitted to ex-
perimental long range trajectory observations.

The aerodynamic problem embraces the most complex fields of
fluid mechanics. Compressible invi:;cid flow solutions are
ratherl well understood unti 1 we get into the region of
"rarefied aerodynamics" or Lree molecular flow. For the

boundary layer we can start with the ]assical text book of
Schl icting ( 1 ) , and note the incomplete but lengthy
Bibl iography of Retference ý 2 a '-et erenc e to be dis- cussed
inr more detail subsequently. The general fluild muechani
treatises of wakes may be cons idered as star, ing wit-h the
subsonic case studied by Von Kairman and te'iuiuq to the now
classical yov c , K rman vortex str-eet. Bat t!oe (1,.ler.tl .,,

to to t. rne a ke - r p lr) m t) 1 e 1 prer ent. ; i iit ) oI1 t d i

ti i inC c I -A 1l 1 : a a I es e .

I ____ _ _ _ _ _ _ _ ___)r
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FIGURE 2 . Experimentally determi ned drag-.velociZty
-variatCon. (From Reference (3)) .

spark photographic techniques to measure the drag of small
calibre bullets. By 1912 extensive data on the drag ot

various shape bullets exi.sted as shown in Figure 2. In

spit~e of this, the general major calibre artillery shell
employ/ed a rather blunt nose profile (approximately a 3: I

S~cireu].ar ogive) until October 1914 when Rausenberger and

S~Ehernard of Krupp tried a 10:1I circular ogivtŽ nose cap on

-•-'-•.the 35 centimeter naval shell. This resulted in a range
S•increase of approximately 50%, enabling the 38 cm Lange Max

S~gun to reach D)over from Cap Cr is Nez ( 37 km)

SBocM theoretical studies and supersonic wind tunnel tests

Sw~Že ('ociuc t:ed d~r] .i. n Worl d War 2 by the Germans ( 4 ) to

Sci]o- ernmi to f.•r~in~um d]rag pt)or ilos. In general these are

j ___ý

(4)1 . in e<l iy sinc rg an a L I ogi~val1 body . in practice th is

EF F

e10 2o 3r00 40 5 A front bourrelet must be povided

FitG E ' Eant•ed lt o l by discarding front sabot (bore

spa rnt o e t' q a• de is that the Worlt War 2 German

cairbt bu l e t so h. d i r t ed B 1 2 v estig ati ng n ds , an ed a g ple
v ar i o u s s h p b u ll et s n i st aistiI r oy A s e n a 1 . T h e .e c o n d

Et, ern r t t ut fyr oK.ruop i sp a bii a ity . The og iv e cannot

"-. o 0 r< m d o t • h o d '' w i t f-l otu e it 
oorre athr 

i 
D(

ITU1) ra to or (' I a Ce wette n.~ era
III.ijt 1t... 11c C,; 1-1, 1h vo11 ~ (th s are



i rn , er .r alI the ciesiciner has 1little control
Ii oI)(4t o t Ih4 to(3t ai drk;q

<lif.onent. preý?t e.prnts an apprec iable portion of the

S:• d rag of a ry she] I -onf igurati on. The blunt roar end
(:I.t guaat ioB shown In Figure I represents (normally) the

I, <s.;e or the case of maximum base drag. By boat-UA.11 1r.ý the base draq can be reduced appreciably. However
,•;- di.j remains an appreciable percentage of the total as
.,t:i tic" he drag coet ticierit break down for the nubbed, low

_i: pot 1 .4 oat-tailed round shown in Figure 3.

P " 1 i. r, (Iq t he Base Drag

'e:•1 Ce t I ýi al conc ept'; for the reduction of base drag date
back prior to World War 2. However serious interest may be
v r.-.dered to have started shortly after the war. TheI <•IC)Ups that sparked interest in shell base drag reduction
Vl'fý!e of course those working in ballistics. It was well
ir,owi' among external baillisticians that the velocity retar-
Jatlor. of small calibre shells carrying tracers was less
"zch.ir the sanw shel l without a tracer. It would be futile to
en¼Žter Into a debate as to whether German, French, Russian,
F;g:•" 1 st" or Anrerican bailisticians were the first to observe
t As Ficuie 2 clearly illustrates, European small arms
i,, t~c~;is ".ere measuring shell retardation with differ-

i'. sh ape by the beginning of the present century.

SLe

I M Y, G M'd.,1Ie t c.im i S

-i•F:::1: t F'i- liHY, & (? (,t2 dr aq coetff Ci'enit corvprcrt•nt sII _ __ _



Aft ter Wo r,. d Wa r 2 the gener 1 e nt.ere;t. in Ve ern ente
1 major- ca I i bhre ordnantc e decli ned in f. avour tf ot.he r
systems. The decision of t.he Wes terve Ld Board of 1932
became estab Iished dogma. This cast f je.d arti 1lery i. nto
the role of a close support weapon, resulting in no serious
Lt Cw Li re1iIent t or long r ange f iri ng:;. However the advent in
the field of long range Soviet arti. Iler, such ar the 130rm,
system (27.5 kin) and the 152 system, created a NATO require-
ment of 30 km for the 155 sy:stem. With slimitations placed
on barrer length ( 39 calibres) , this range could be obtained
only by absolute minimization of shell drag or by rocket.
boosting after muzzle exit (RAP).

With the relative abundance of supersonic/hypersonic wind
tunnels that appeared in North America in the early post-war
years as a direct result of the wartime German developments,
compressible aerodynamics experienced an enormous increase
in scientific interest, both theoretically and
experimentally. Inviscid, steady state compressible fluid
flow mechanics was relatively well advanced and understood
by 1950. Theoreticians then concentrated on the extremely
complex areas of the compressible flow boundary layer and
wake flows.

Theoretical concepts for the reduction of base drag date
back well prior to World War 2. However serious technical
effort on this problem may be considered to have started
shortly after the war. Estimates of base drag from fitting
observed firing range data were formulized as early as 1931
by Cabeaud ( 5 ) in the form :

C L = 0.25 for supersonic flow

while von Karman and Moore derived ( 1932, Reference (61 a
valueý

i"D = 2/1 2
b

max

whilIe Hoerner 7 1 I showed that. a good co.:re1at ion with firing
Sresuits 1i the supersonic range was given bv

0. 7/1/
S[ J b

'Th ese- arie effective total contr-ibt-ions (r, the base pressur'e
dis-;tt 11-uticr. to the drag for blunt. 1,,i.ed bodis. C. isL)

the has e dJra c oe f f i c let based on b, s e area , an id M i s the
t r ec(!:t r eaa Macth i. umber,

i [nftore tortO;ider'u¢the compley> probllen of examining base anc]
a ake t t o in r t look I t Ih I nei a1 1 1 biit'.; .t CIass
I jratj re e daL1t 1o., i t 1 11 k-:t; t re'i ew the q(eIri fotS I



A tlypi cal mai k:r calIibre atrt. il Icr'', chel. 1 1.evsTemuzzla? of
t he gull i ti il some ancj qu Ia r Cyaw ) acceýlerationt T'Ph i s a c',-

Jc. e ra t. i oIn (c onines f r c m n mass a nd g -3omfe t r c a 1 fli s a Ij i cnieft of
th e sh1,el11, dur ing bor e travel and grows in magnitu d e w ith

tube wear. The rmuzzlie disturbance resullt-s in the exc itationIof two fyroe--flight oscillat~ory modes, with the disturbance
equally divi1ded bet~ween them. The relatively luw frequency
precessional ri c)d e i s damped out n ocrmall1y after several

c cycl1e s, with the. maxiin-mu yaw usually occurring within 50 to
100 mleters of the mluzzle. 'Ihe high frequency nutational.
mode is damped out. much earlier than the precessional mode,
and is normally negligible at- the point of first maximum
yaw.

For well desiglied systems the ataxi~mumn induced muzzle yaw
generally is less than 3 degreeýs in the miew ;-.arrel case.
However as tubes enter the third and fourth quairter of their
life, this init-ial. yaw can be large. The effect. of the
initial yaw on range increases with the range of the shell,U ~and for the very lonrg range case, introduces a considerable
correction factor. Cledrly the reduction in range must then
consider the shell at an angle of attack, with large
Reynolds number and maximum Mach number values.

The shell proceeds through. its flight trajectory with
aerodynamic forces producing moments which result, through
qyroscopic action, in a shell displace-ment. angle in the
plane at 90' to that of the applied aerodynami-c moment.

This displacement results in a gyro~sccrpic mom-ant causing the
shell to miaintain alignment with the flight- velocity vector.

However as the shel11 traverses the large range of Reynolds
and Mach number as it approaches apogee, permanent angles of
yaw (in the side plane) can, be present. In effect Lhe
density decreases to a value where gyroscopic mnoment-s

domiate Onre-entry, the shell recovers through damped
prece~ssional mnode osc i.1 ations a,- it t-raverses the increas-

Ping densit'y atmosphere.

P interest. increaLses im shIiell1s with- increas inrg ranges,
(rangcs of uip to 60 kinm jrc c.urrent~ly becomi-ing of interest),
the fl1 cjl't fnodes, .Along thei traje-tory must be considere-d arid
it is obvious that cffeet of angle of attLack on drag cannot
be igqnorced. This c)l- c our se, vastly i nc reases the complecxi.ty

of ',he aefudynam1 c anaI yt --ý-al problemn

Tu ii IuOLI,it ote t h ahoy, c)v(- -oiitinients two C ca, cý- : 1coli rangejt

Co i 'may- 'or1O~wiib~ peseite
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FIGURE 4. Paris Gun 210mm Shell. 3
M1arc h 23, 7918, Durirn(: these f*rings it attair.ed an a!-

titude of 43 km and a maxjrrumrn range of 127 km.

A recovered shell, with the rose cap reaplaced, is shown in
Figure 4. A typical trajectory (taken from Reference (8))
is shown in Figure 5. It. wilI. be noted that: the shell
starts, to develup significakt 'ne-manent yaw (in the 3ide
plane) above 20 kiT,, r e icning an angie of re)pose of ap-

rco-oximately 40' during traverse over apogee. The angular
recovery mode is shown in the pcAlt.abelled (b) in Figure 5.

The 45 ca Ii bre ERFB M-K10 MOD2 T'ra ec t1): ie" S

'Wi tI a muzzl.e velocity o, 897 / n t .r- ,er second and no base
bleed, tE!Iis shell atvcainl a 1ra(3e of 30 km ., typical

tA ajectoa y Ilot fcr th - 's c ' own F i q ( 6
it iav be not. cd tIat t.h t T1 IX T r ' :C' . .i !,'I c
a p nr oxi ma tel 2 d e gre.--.es A"hen I he C-I.I Ieq is e:,teded sc 39
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I ~FIGURE 6(b) . 155mm ERFB/BB maximum range trajectory.

i ~calibres) to apply this to major calibre artiller-y shells.
The firs-, successful. system in fact, was then in the test
and development stage i~n Sweden. It was brought to North
A•merica with the major firing series in Antigua conducted in
19"78 ( ]0 ). The grains used were carboxyl terminated
puiybutadiene/iamnonium per--hlorate manufactured in Sweden to
fit the SRC ERFB MK]0 MOD2 projectile. Swedish engineers

supervised the tests, which yielded the almost 30% increase
in range predicted. Because of its assigned carcinogenic

nature, the Swedes switched to hydroxyl termpinat ed
pclIybutadi ene/ammon ium perchlorate grains which t or alIl

___---
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The meit lod us:;ed i n mounting these gra ins in the base of the

LRFB MKI 0 MOU2 projectile is illustrated in Figure 7. Thiis
s.nip]y nvolved replacing the boattail by a conical section
with a closed end cap and a central orifice of sufficiently
large diameter to ensure subsonic flow inrio the cavity wake.
The is ide geometry was such as to accept the cylindrical
shaped, sectioned grain, inhibited on all surfaces other
than the central annulus and the section cut surfaces. AU diaphraqm seals the grain; as the pressure builds up to the
shot-start value, the diaphragm is ruptured and the hot gun
gas flows through the orifice and about the grain. Some
indications exist that the grains are floating in the hot
gas, arid do not build up to the full spin rate of the
projectile. The in-bore and muzzle exit conditions are of a
complexity that while some effects can be observed, detailed
analysis is beyond the present state of the art. The grain
and igniter begin burning probably at. or near the seating

position, and then experience the full in-bore gas pressure
during shot travel down the bore. At exit, *the sudden
pressure drop causes quenching of the grain burning, but
only sporadically. The igniter ensures continued grain
burning after muzzle exil-.

Returning to the flow models of the wake, the optimum condi-
tion would be when the momentum flux is such as to restore
the base pressure to the full freestream value. The tem-
peratures of the products of complete combustion lie in the

IBOAT 
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r aie o f 000 u . ( (I dep uodu iI(I.IIL I', orpo' | Li Oil
I.1) Lutoqr Iph c ,V i d n e 11 t p4:" iwnce e iC of ci ombu t ie on i n
the w.ak,1e duLI r I t-.I ,i .;a't- LoI'l e,-.) y , and most L :ritii ca I part
of tLh 1 : r i ) e, t-ory. "I"h us. iL pr, C t:.ice , a sa ti.s f ac t ory
the •'reti a 1 1mod9 I mu il ci tde cnombu. ;t ion-hea L t'an s f er
a ,rDss t- he di vi di. nq 7t r c .a r ie 1 e , t.h rugl th e s epara a ed t o nd ..
ary layer flow and into the main st~ream.

Various models can be postulated, and -solutions to the wake
Sflow presented under severely restrictive assumptions, at
this time not adequate to describe the real case. In Figure
8 we look at various idealized conditions. In Figure 8(a)
Lhe base bleed mass flow is shown for the less than optimum
case; in (b) the opt imum case is sketched from the
simplified assumptiorn that the momentum flux into the cavity
wake restores the pressure at the dividing streamline to
freestream value, so that the mixing processes cause the
boundary layer to be simply a thin dividing shear layer
between th, mainstream flow arid the lower velocity wake
flow. Heat transfer across the shear layer to the main
stream flow will add considerable complexity to the analyti-
cal model. Typical smear photographs illustrating a wide
range of base bleed wake flow conditions are shown in
Figures 9, 10 and 11.

TRAJECTORY OPTIMIZATION

In any longc range trajectory, the projectile is traversing
rapidly a large Reynolds number range during its ascent.

l ii IPA*IIWU

Sa) LOW INJECTION FLOW RATES
SJPUOM, PLO PLOW

- -- -. -

h) OPTIMUM INJECTION FLOW RARES
- 8c/

FIGURE 8. Schematic of base flow with base bleed.
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FIGURE 11. Smear photograph showing greater than optimum,
scipersonic type, base bleed mass flow.

Assuming that the optimum conditions could be achieved, this
would imply a continuously varying mass-momentum flux from
the base to the wake. Furthermore it would imply a detailed
knowledge of base bleed - wake flow characteristics. To
date the optimization is a. trial and error proposition based
on fixed grain properties arid any variation in combustion
rate caused by the change in the surroundinq ambient air.

During the l.as,ý decade, the ibase bleed concept has been
applied to a wide range of projectiles in many different
countries. One might say t'tat the state of the applied
field has advanced far ahead oý the derivation of satisfac-
tory fluid dynamic models. Contrary to the conclusions of
Reference (11), range increases in the order of 30% have
been achieved, well exceeding the 10% estimate (matching
RAP) he concludes as a limit on base bleed systems.

Firing Results

Hoping not to appear pazochial, out because of the simple
reason that this is the only projectile for which the author
has access to data, the performance of the base bleed ver--
sion of the ERFB MKIO MOD2 projectile will be presented in
concluding this presentation, and as typical of all. systems.
At tne outset, it should be noted that the base bleed system
only reduces projectile drag, and does not apply thrust.
Thius dispers:ion is not atfected, other than malfunctions
causing the base bleed drag reduction to vary. This results
in increased range disperssion, but no vax iatior) in deflec-
t ion dispersion, For full, developed system,;, the
reproducibi Iity of drag rediction by base bleed is such +'hat
no 1 increase is observed in range dispersic-'i, the va ues for
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TABLE I Results of Typical Firirnq Series.

Probable error

Muzzle
Velocity, m/s Range, ro Range Deflection

ERFB 897 .6 30577 .376% .97 mils

ERFB/BB 899.9 39153 .324% 1 .03 mils

I probable error in range using the data reduction techniques
of Reference (12]) lying between 0.3 and 0.45. Table 1 shows
typical firing results of the ERFB MK10 MOD2 projectile, and
of the base bleed version.

3I CONCLUDING DISCUSSION

In no way can this paper claim to be more than a superficial
scanning over the difficult subject of wake flows and
trajectory analyses. However, hopefully, the papers to
follow covering the current work in the many practical
aspects of manufacture, supported by advances in theory,
will at least allow it to qualify as an acceptable .ntruduc-
tion to these more qualified, specific treatments.
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STUcY O' THlE PYituHi,ýCILNIC CuJMPOU<;ITIUN UsEu Ak3 THE BASE BLEED PRoU PELLANT

i Pan Gongpei, /,nu Changjiang and siang Zhaoqun
Department of Chemical Engineering, East China Institute
of Technology, Nanjing, China

I
INTIOoUCTIUN

I he recent base bleed propellants used in base bleed projectiles are
u.-ually the composite propellants of which es'sýencial components aje

hydroxy terminal polybutadiene(HTPB) and ammonium perchlorate(AP) .
However, our research completly bases upon the pyrotechnic field and
aims at selecting the optimum formulation of pyrotechnic composition as
a base bleed propellant. It wo"ld make the shooting range-increasing
effect for base bleed projectiles to raise and have good igniting pro--
perty, simple process of manufacture and low cost.

A series of tests were carried out which include the wind tunnel test,

the dynamic analopure test and the live ammunition flight test for the
compositions with Sr(NO3 )-Mg-Calhes -additive or Sr(NO3 ) 2-Mg-AP-additive.
And satisfing results of the tests have been obtained.

EXPE.IMENT METHODS AND CJNDITlUNSI
1 . !,amples

In the live ammunition flight survey test, the samples are processed

according to the bullet structure. The sample used in labor:itory is
shown in Figure 1.

I a CaRes--Calcium resin

HI- . gnition charge

Intermediate fire

. Seconid charge

First charge

I 'iur" 1. . a m[r : .L I i:t ya r

I



2. Mea.9urerment of Temperature

.'he teniperature -,ernsor i'i a W-iRe tf ermocouple. Figure 2 shows the ache-
matl ý ir]i.%-ing ot; m'la n;uriný, the combustion temperature of the sample.

.3. Armount of the f•i>cted Gas

Its me;asurinV device is snown in Figure 3.

4. Jynamic Analogure Test

In this test, the 14.5mm machine gun is used to shoot live ammunition.
The flight ve.ocit, of the bullets is measured by means of ý velocity
radar. And we evaluate the effect of drag reduction on the attenuation
of the velocity.

5. Live Ammunition Flight :urvey 'lei;t

Under the same conditions, the effect of drag reduction or the .shooting,
runge-increasing effect is to be determined through the comparative
Mlight test in which the bullets load with the base bleed aWent and
without it.

Tfil' hEi,'ILTý3 OF' THlE TELSTS

1. ýielection of the ýormulations

Test result for Lr(NO 1 )2-'g-Caiies formulation. Under the static condi-

tions, the test r,-sult for this type of' formulation in terms of k.Cmbu,%-
t ion temperelture and velocity i,ýý shown in Tahle 1.

It can be seen from Table 1 that the formuLation with ý=O.47 han, rela-
tivfly high t, 't-r)(arture. The observed value of t he as prduced according

hermocouple wire ,...Thermal contact point

Porcelain tube

insuation laye•-ai powder column

eat t

" ' .- i u ' •W 14 - me L r .tisi•••, • ;r r .ribi t tun r



K Airwov buffer

471
// L ____

G" collector Cumbustion chamber

Pigure 5. ,*<vice of .measuring amount of the eJected gas

to thris form"ul tion is 548.,wld.g. The aver'ag, molecular weight is 5,.15.

The wind turinei test showed that the formulation with K=0.47 has poor
pe•'lor.-nce2 ,f combustion at the low pre.ssure a-, well as poor effect on
thp red-cti ri of drag (see Table -_).

I AdJustr.trit tost for the formulation of SrMN ) 2-Mg-Ca(es type. 'ihe

adjustment tests Ior the formulation wore carried out with the addition
of AP :.- d the removal of iOP(dioctylephthalate) so as to keep the fiuc-
tuation of the oxygen balance within a small range (K=O.40-O.46). The

Table 1. Formulation Test for Sr(NO3)2-Mg-C&Res

F'ormulation Oxygen Guaranteed Combustion Combus-tion
No. diff. coeff. tem.p. Velocity

n5Mg Ca'€es 0P n T() Oa(mm/s)

1 69 20 10 1 - 1 '.0 0 J-.63 1905 2.77
2 r,4 2) 10 1 -20.2 0.54 1942 2.80
Si .5 2)t. 10 1 -22.0 0.50 2056 2.96

4 59 50 10( 1 -25.4 0.47 2100 3.20?
5 -4 1) 1o 1 -50.5 0.4O 1Al42 5.?6

6 4 40 10 1 -r'.7 U. 54 1o59 2.59

Ta bie . :ebuLt or the mind Tunnt, Test for'
",r i Nu j)2 -Mg-Ca/Ies kormulations

"Otable pre2ssure in the i'ressure after
winon tunnel (kg/cm2 ) rIomtustion(kg/'m 2 )

N,. - iRemark t-r x P" Abso i u t e h x C e,-e Abso I u te
pre-,ssure preos: ure pressure pressure

1 - . ' 'O ,0 51) ' + U .. r'DOý ,

4 -1.4415 .)'i61 i
) . 4 , . t, , - . 544 , .

- --~. 4, 51 • ,54( - u in it (lt

II



Table j. Adju tme2t Teset fur the for mulati)n of ' ,r(Nt *).,*-Mg-CaA(;es Type

FOumu r M t I on U xy '11n t ukr'an t ee(d Combu.b t Jon Combuos t i on
No. d ( f d f. c'oe f'f". temp. t. imn

'r; ')( NO Mg A K e s

1 41.4 •,9 19.7 15 - 52 .5 O,40 1 700-
2 -5.0 55.() 2k).0 10 -29. 51 0.41 2975* 5. 4

5 5 5. 2t.0 75. 12 -29.11 0.42 1652 7.4

4 5u.6 2 ... 27.2 10 -26.('7 0.44 1990 6.1
5) 29.4 5 5.3 27.7 9 -. 25.04 ,. 45 2U54 5,2
6 2b.,, 5)½ 2 .2 ? -'24..21 &,.46 2166 4.9

7 26.0 59.0 z1).O 6 -21 .24 0.4t 2211 4.95

Jata obtairied under, the co.nditions of' rotAting at 16,000 rpm.

result of' the adjustment test is shown in Table 5.

It hase been proved by the tests that the adjusted formulation has made
improvement in the performance of combustion and also increased the
combustion temperature in a certain deg*ree. In particular, for the No.2
4(rmulatluri, the combustion temperature has been raised by a c(,nsiderah•E

,iarvin under the conditions of rotation.

The gas yield out of the composition with this formulation is 448m1/g.

The average molecular weight it; 29.46.

r_ the. formulation of AP-.lg.-Cal~es type. To reduce the molecular
weight ,3till further, <Jr(N63) 2 is entirely replaced by AP, and the

characteristic curvesr obtained from the tests are shown in '.gure 4.

The observed quantity of the gas yield out of this type of compos,,ition

is 576-690m1/g, The average molecular weight has been lowered below 5.
However, its mechanical sensitivity is rather high, hence the dif'f.cultv

in manufacture.

'iest for the formulation of Lr(N6 5 )2-Mg-AV-additive type. In order to
further raise the combustion temperature, low the average molecular
weight and especia~ly oromote the s.ýecondary combustJon of the product,

270 13.0- 2710

I 100

!/ \

1 #0 I 24X0~/
a, e,

000- 4) 4 03.,0) .f

P 17Lir-ce 4. Ch air!teri,- ;t [,! curves t ; the , -rI at . lcYta on ) ipi b tw, r m I - ut , io n
"-,pero.i u.er , .ý.Ire and i i1 l're I i c'la; t, rat i or) . d, -- M,--(. hes cO 1pus, i t o I
- al) du~Jring l:'tatij } .cocclu. tt.oun (i) Ic.[.i/-,-1, rutat,.) ar!a., corclut jun<D i(l
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I te';ts have been per !'wrmed for the or'mu lation off 1jr (NO ) 2 --Mg- AP-add i t iyveý
type.

oe I ect tril tuie st table addi, ttive, t.hi_ type of formulat ion wil 1 make
th o Fnd ejectton agenit #,ith a Low combui ti.on velocity. As an exampLe,

in which naphthalene was choe en a.s , he add!,tive, the result of the wind

tunnel te:,t is il.lu.ltrated in Table 4.

Figure 5 shows the resoult for pre. ;unt compootiltion and the HiTP13-AP com-
posite propellant in the wind tunnel test when the Mach number .s res-

'•I pectively 1-5, 1..73 and 2.5.

dvlth the increas of .he Mach number, the base bleed composition with
tha formul ti.on ol ir(NU3 )2-fig--P-addlve can produce more excellentI effeet of drag reduction. 1'igur', 6 give the curves of' the chang(. of the
bullet base pressure with that of the combustion time (Pb-t curve) for
this pyrotechnic composition with the additive n;iphthalene when M=1.3I and M=2.5.

2. Jynamic Analogure Test

In this test according to the aforementioned meLhod, the reentrant on

U Table 4. Amount of the Base Drag fieduction in Wlind Tunnel Tests
No. Mass flow rate Mach number Jet parameter Rate of base drag

. (kg/s) M I reduction C6,)b(/-)

1 2,70X10- 3  1 .72 1. , Y,10- 50

2 4.01310-3 1.72 2. 510o-3 61

3 5.90(10 1 72 .3.43x10- 3  69.9

4 6.15x)10-3 .'2 7.6bx1 0-3"

5 6 .26<i 0-3 ,72 10.00x10-3 Lb.9

SPresent COmpoS-itior(M{=1 .73)
100 "Composite propeiLant(M:2.5)

4 o. ..- Composite propellant(j1=1 ,,3)

20 / .Pre•:e,•e, t, coQU.o I tion(MZZ1.5)

S~~~~0 L ~- .~ . . - . - - --... . .. . . .. ... . . . .. .. . .. . . .. . . .. . ... ... . .. .. .. . .

1 2 4 0 '1 10il
ti , -; t t, 6, I t, 1 ,r) w rli tu_ _nr
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2 4 C. 6 .
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t ime Tfhen (a' P~iz .5 b) A= 2. 5
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i'd ) -Pg-A'~~dditivsby pressing. The, test re'mo!' 1% z howt. inA Y~ -i re
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ejt .w~ h n i ~n , V!" Loc t Ly o ! he' Bu L iek tn in Oihe 1, 11ve Ammuni ti on
SI tO Iu 1. -1 Ve' -,i L

i.I k 'Nmm h I. ot, VIj! I houtI ý71rnr Lui 11.e L wil. 3,h'5 mm bulIlet
b otk ar r 1) a~ 3< bo" oi ". o~1 4a~ O ý, d Ft týe, It, (foreign)

0~)4 Ii _______0

"Attrange~m.) tL S )a Vr~ll5), toiS) V4r(M/s) t (s) V,( rn/s)

( 35 b,0 76 1. b 7.,o
40047 44b 5 46 61 6 (-. ti7C 5.%)

4000 1.70 52d-4 5 15 59( ' * 5t)
0001.71 244 7.18 444 .1') 292

thi s; teý,t. its; resulltn issbr,wn in I'able 6.

basi in k, o n Ie de..g prO ociple. of the b,~ b1 ed pro pel Lant 2 ,u

r-:eare-h inust I,dke the Afollowing i,1t.o copns-iderat-Lon; (a) relatiNvely
1.ov caminUzstion x.'ýloci.ty or mass ejectioin rate; (b) relatively high
tr~nperucurý (;f Ejected gais ; (c) relativelAy lov mc iecular weight of
tthtu oe ,cteogages;(d comtu.';.I.,-n i~n the wake, i.e., the secondaryit C(:OMLA-tjofl. V1., sie't.l Vial the. pyrote:,hinc :ýorposition consistAed
0 f rN5 gdi ve C>Af sonlally conformi to the aýbove principle

l.'e b,'~ lue ro..ant. its combustion velocity is low, combustion

,.Y~wbu I ut w itno ut bas e b le ed agent

N ,3m1~bullet (foreign,;

N 'K y e blefA agent

1) ~ ~O 4 3.2 M("



Ta b I c . hoot, ino Ranr.e- Inc rea, i. rig , f'e t in l kvo Amnmuni t ion
FL 1gb I, ;. r' vey Tva t. _____

,hoot Tng range irocl 3 tori
k id of b as e V 3 hhoot, in, ryIriý
ble d atent ( .m/s) Bu.lLet Aa, Bu lot et ) I i ef 'l c- Range irr',ic iing,

t i on m) r ito. ( A)_____
d :r ( NU; 5) ,-.-''g 55 1li(ib 1 5.)51 7.) 1 /25' 1lhji

tt i o n v m )

Ditto 520 12877 15027 3 3.1 1/235 16.7

i it. to 690 175)0 21b1b7 12.'7 1/279 25. 1

!ITPB-AP '350 110db 1(28 17.5 1/220 12.0

a) the original bullet; b) the bullet o:,ied with the base bleed
composition

temperature is high because of the SrU, MgO in its combustion product,
and the Mg powder with Low molecular weight eaisily evaporates as its
Low boiling point(110O) and makes the secondary combustion in th,
wake of the bullets in flight. By comparsion, the HTPB-AP composite
propellant is not as good as it at all. tis a result, the practical
effect of the present composition as a base bleed propEllant all is
better thAn the HTebh-A2 composite propellant in beth the wind tunnel
test and the live ammunition flight survey test.

2. With the pyrotechnic composition as the gas ejection agent, it is
possibLe to reduc- the tverage molecular weight of th, combu. tion pro-
duct in the same tyoe cf formulations. Table 1 and Table 2 list the
same type of formulations. In Table 1, the average moiecular weight of
the adjusteu formulation No.4 is 33.15, while in Table 2 the average
molecular weightof the adjusted formulation No.2 goes dewn to 29.46.
If all the oxidizer is to be replaced by AP, the average molecular wei-
ght of this type of formulation can be reduced to less than 25.

3. The application of the pyrotechnic composition to increas the sh-
ooting range of the bullet is feasible. Under certain co~jditions, it
can raise tne .hootirng range by a big margin and has such character-
istics as beleg" simple in process of manufacture and being low in cost.
It can be anticipated that the use of the pyrotechnic composition as a
base bleed propellant has great potentialities.
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I1. INTRODUCTiON

This paper presents some problems connected with the de-
sing and development of igniters, some examples of' existing
igniters, the base bleed propellant ignition in static co-
nditions and the posibility of the base bleed propellant
ignition with Mg/PTFE pyrotechic mixture.

The autor is concerned much more with the pyrotechnic part
of the igniter. The base bleed propellant is AP/HTPB com-
posite solid propellant. The grain is cilydrical in shape
with central hole and tnree slits arranged by angle of
1200.

Such configuration ensures the desired degresive from (pa-
ttern) of burning surface, and the burning rate for pro-
pellant compositions used so far is about I mm/s at atmo-
spheric pressure which gives the burning time of base
bleed from 25 do 30 seconds /1/.

2. HiE BASE BLEED DESIGN REQUIREMENTS

To satisfy the function o0' base bleed unit succesfuily the
igniter must fill auL the iolliowing requirements:

- it must be hermetic,
- Lt must has compact con.truction to withstand extreme

conditions of' firing,I - it must be ignited' by hot gun gas,
- it must not. guench after firing during the decompresion,

it must re:.gnite the base bleed propellant and bring it
to the stable burning,

- after :-gncier functioning its remainlg parts nust not
faii down and disturbe t~he f'lighrt of projectiie.

In thib papej' only the pyrotecnnic mixture, which is the
mairi part, or' t'he igniter, is considered.

--- a



i 11 )LLtri' t") :a I t, tCy 1,i 1C bI L C, I,'uq u L I,'e III o1rt,r s tihe p YrIo te c hIIic
(1 iX t, I'CC ItIIW ; t, 6 rse Ci b)I-r~ 11 ,IeC i Iteal b dy of th IIe 1.griter
w Ii I' l 1ii'l collsu L i d oi, I re~ ros IIlie ;I Th i g )i Lte , ha::, 1our'
nloles` Mt. tote I)L~tOLill LMirougti Whim(' LlIC pyl'oteiihniic rrrixtur~e
I i,; Lc(-d "Ind t.nc com~bust, ioni )'oducts f'lIow outL a. tber

rgi.t~iit I. ior . inc i p tLe s ide o' Lire ign~i Lev i.s coated wit)ý-
res Inl 1for 1r,~'er ri rcne e(!Lnan rea strength of' pr~essed
p)yro ()t e chnII Ijc [I I x t U e arIIId niert-incbiz a t turion

Du tI. rig 1;e I gm J= bevr p re I .1it i narcy vesearches the welli known
py r~ote ctnnic mi x Lur'-cs werve used. Trie cha r'a 2te risL;.Lis Cof'
these, mixtur~es ace shown in taible 1

mL Q 1UREi P.10- v I v

0__ Cl (Is/} (Jig) /Pa/ 1mir/s/ /g/s/

KN0., 500 (14,5,j 12980 3,268 915 7,11

Phenol Uorrnaiderlyide
resin

Mg (ilb

KNO 
3

Ba (NO 3 J2 500 (14,0) 8780 3,266 6,14 5,1

Phenol f'o rma d eh yide
resin

Mg ii
KC-10 0

Ba(NO 3)2 560 (14,5) 96140 3,266 7 ,3 5,7

F'nenolf'ormaldenyide
resin

T[he used sirrbol, denote:

Q - heat output of' the pyr~otechnic mixture
T' - autoignition/temperature oil' the pyrotechnic mixtur~e

t -induction t.ime
P -conso-lidation nressur'e
v I Linrear' bur-ning rate in the igniter body
V -T mass bur'ning r~ate in, tLhe igni ter- body

Aitnouurr utiese pyr~otechinic mr.ixtur'es giLve satisf'act~o..' pe-
r~formance with pr-ope-llant /2/ , yet they had some disa3,dva-
ntages wnich r'e14uir'ed to Find mot~e convi~nient mi~xtur-es
Mixt~ur-e i is a imoust gaslees and mostý or' its pr~oducts are
501o Lc, remaining, in t~he body of' t~he igniter'. Thus, lb i's
ass omed r~i r atL ini some cases3 t, b e hot, c ormbus tion p r-ad oct1-
whrcti I'low out -,r -o ug~ht holes at, the ign iter, bottom ,cou I'rrt

ir. L e Lrie b)a s blt iceed p)ro 1)ell anrit,. Th e b u I'r Iiing r' at e oF'
X t ore( 1 A i I ari l i6 11 I is iow ara thial t I Fi ri , e weulJ.a r' tur iii-
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r I ol )t'.p 1 I o.1t dutIt, ItI ;i-.II I' c1t I ig, I I I ( beoni g ( i LIUeed bu rni, :III

Vc;I I I'e.'Ju d ciro I; () , o. t I., ' e .•a'rC l. Iit)

11n orede' • to shor'ten ,hu bu'ri.ng ti[rie .te uxpei• mernts were
er'o:med i.n the shortened igrit ters body .(nd wit.h pirotech-

nic mixtures whi. clhi -ave the h.ijgher burning rates. The most
part o(' th1i1s resu its are pr)esentd in table 2.

1 (.o ....P .10 V V .
M t X T U ii Ep 1 in

_/ C/ /(s)/ /J/gl /Pa/ /mrmis/ lglsi

(iV) 2, 177__ 5,00 4,05
iKC104 590 (6) 9300 3,268 4,95 4,29

Phenolformaldehyide 4,354 4,90 4,52
resin

Mg (V) 2,177 7,70 6,78
KNO3 510 (4,5) 8300 3,268 7,70 6,92

Phenolformaldehyide 4,354 7,50 7,10
r~esiv)

Mg (VI) 2,177 10,0 10,05
IBa (1403 )2 560 (4,5) 6380 3,268 9,66 10,6;,

Phenolformaldehyide 4,354 9,01 10,'3

resin

Ali mixtures from table 2 gave well reanlts both in static
and dynamics igniter examinations. However, the best results
and the shortest burning time gave the mixture Vi. It is
assumed that tne optimal ingiter burning time is between 2
and 3 seconds.

The change in the consolidation pressure in designa*ed range
had a little influence on both linear and mass burning rates,
and all examinated samples had withstood the 'conditions of
firing.
The base bleed unit gave good performance, and expected inc-
reasing of a range capability and decreasing of a dispersion
in range were achieved. (2,3).

4. THE BASE BLEED IGNITION IN •TPIG!C CONDITiONS

In order to carry out the base bleed examination in a sta-
tic conditions the problem of propel.iant igo .nition must be
solved. Th'_ ignitioni with complete irpnit er is very expanrs,-
ve and the autor decided to find the .simpiiest and .heeper
way of' lgni.tion. ignition with the biack powder o,) large
par'ticl.e size and unlpressed pyr'utechnic mI'll r es idr't, g~ivt?
sat is factory re sults. NameLy, a .arge 'umrber. of failures tiad3 (Lompiicated the exarninat Lons.

'Ihe satistactory s3olut iol was,3 fol'InrdJsir u ; the pressed tablet
(mixture .- ii 'r(;m I ,.,table 1) acit.ivLted w th ;bsuitable, ' e i.. niter'.3 The longer urninF t :r.e .ieead to tne ettr' t)r'pe1..a rt .in I-

I



Lio r and enabl.).ed ,he .,r'pe1lant to v'e-a(h c Ie stable burn ing.
Sigu re 1 shows t. he 1) ('T ) curve of' base bleed unit. dus'-ng sta-

tic iL rig

'5 . THE BALSE BL, EED PROPELLANT .CGNI'I'oN WI'i'H ML;IPTrFE .iXTUBE

' he purpose ot these e:xami .nat, i.ons was to study thAe possibi-
lity oF use MgiPTFL mixtures for the base bleed propellant
igni Lion. According to the ii'.Lerature data (4,5) five Mg/PTFE
mi Lur'es was selected and examined in Lthe igniteve body. The
results of this exper.iments are shown in table 3.

TABLE 3.

H I. X T U B Ek v v Q

/in ) /mmig /gls IJ/gl

Mg 70 YVII11 ,90 1 80 4642

PTFE - 30

Hg - 00 (VIiL) 1,25 1,18 6002

PTFI - 40

Mg - 50

PIFE - 50 (iX) 1,20 1,14 7349

Mg - '40

PTFE - 60 X) 1,06 1,00 876

Mg - 30 (Xi) 0,85 0,81 8445

iPTFE - 70 ____ ____

Sin these mixtures was used as a binder, 2,5 g of flourel
FC-2175 on 100 g of mixture, and consolidation pressure
was 3,266.108Pa.

On the bases of these results the mixtures Vil and X were
selected and examined with base bleed propellant in static
conditions.

Experiments were perforried both with complete igniter and
pressed tables, where tLe ignition was activated with Vuse
mase up of unpressed mixture I (table 1 ) and electrric squib.
Tne sat isfactory resutlts confirmed the possi bji Lty of the
use Mg/PTIE mixtures for base bleed propel]lant ignition.

CONCLUSION

Thi s paper deals wi th some probJem'a c rinected wi.L thLt.h. de:.;ign
an(i deveicpmenL oa' the base bleed igni terss arnd reprt.r.s ti•e
.- results of' I igniter examinatioon loaded with d]iT'eren, p,/.o-

St•Lechr:i: mixttur s.

'T'e. selccted pyrotech i] c rix.LXtiTres gz-ve sa i a rt y pe..'o-
r'nance ('esut]LS) boi in statr i a rd ynami . ('and ondit ij. The
solutiJ.on or gaiit ion was propoed uor the .ase bieed pr'of'e-
iia .n t xamirnat ions in stat.ic Cand it-iors.
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w a ws c.or i r) i iC o~ i to the Ve,,UA Otf'~ the exami.nat Ions.i n f.he st~a ic condi ,I ons , th! t succe:ssf'ul ig rU tion may bea~ch~eved with Mg/PTVL: aixtu.-,ýŽ However, it; musi- be confirmnedthroug~h exam inat Ions, in dyriamIc, condti tions.
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IGNITION AND COMBUSTION BEHAVIOR OF M1V IGNITER MATERIALS FOR BASE BLEED
APP LI CATIONS
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I ABSTRACT

The pyrolysis and ignition characteristics of an igniter material
composed of magnesium, Polytetrafluorethyleae, and Viton A have been
studied using a high-power CO2 laser as the radiativw heating source.
Methods of analysis arid the instrumientation employed were high-speed
direct and schlieren photography to visualize the flame structure and
gas-phase dynamics, near-infrared photodiodes to obtain ignitioo delay
data, and probe sampling and a gas chromatograph/mass spectrometer to
analyze the gaseous products evolved. Important test variables were
incident heat flux, chamber pressure, and oxygen concentration. In
addition, the effect of boron addition on the ignition behavior of the

igniter charge was studied.

Igoition occurred on the sample surface under all test conditions. A
primary flame, attached to the surface, with a height of 1.2-1.5 mm for
"ignition in air was observed. A gas-)hase flame of less intensity was

m I observed directly above the primary flame, and the magnitude of this
flame was considerably reduced as the ambient oxygen concentration
decreased. At low pres-ýures (- 0.1 itm), no evident luminous plume
evolutior id gas-phase dynamics were observed, and the propellant
decompost ;n larre fragments evolved at high speeds after ignition.
Experimental res, s for the ignition delay as a function of heat flux
indicated that th. lelay time decreases monotonically as heat flux
increases, and that decreasing the ambient pressure or the ambient
oxygen percentage also decreased the ignition delay time. For combustion
of the propellant in air and in an inert helium atmosphere, only
hydrocarbon compounds [primarily ethylene (C2 H4 ), propylene (C3 H6 ), and
benzene (C6 H6 ) and CO and CO2 for combustion in air were observed.
However, in an inert atmosphere, pure PTFE (,-C2F4-)m pyrolyzed into miny
fluorocarborn compounds, and Viton A (-C5H3.rF 6 . 5)n oyrolyzed into e
variety of hydroflorecarbons and fluorocarborn'. It is believed that
these primary pyrolysis species are consumed to form tile aforement ioned
hydrocarbon species plus undetected HF and the observed MgF? soid
products.

1. INTRODULI ION

The deve lopment of a rel iabtle and ef tic eint ba,:t•: b iced sI y',terfm t.

increase the range of art il lery project i les is (:urr ,n t I (of i ceae t

-I
I



interest. This system is designed to inject gases into the wake behind
the projectile, increasing the base pressure and reducing the profile
drag, which accounts for 50-15% of the total drag. This reduction of the
drag will increase the ranige capabilities of the projectile. To insure
sustained ignition of the base bleed propellant during the transition
from the severe gun iarrel environment to the ambient air and also during
the subsequent flight, a supplementary, redundant igniter system is
required. Thus, the base bleed igniter propellant must be able to
sustain burning over a wide range of pressures, temperatures, and gaseous
environments. It must also be dui-able enough to withstand the tremendous
forces (- 10,000 ('s) of setback acceleration and the centrifugal forces
of high-speed rotation (16,000 rpm), 1

Most of the work to date on base bleed has concentrated on the
aerodynamics and solection of candidate propellants. Several researchers
have done theoretical calculations of the effect of base bleed systems on
the aerodynamics of a projectile. 2 - 6 Experimental simulations have also
been conducted to validate the effectiveness of base injection. 7 ,8

Kloehn aid Rassinfosse have written a paper on the manufacture of base
bleed propeliants. 9  However, very few papers have been published to date
on studies of the performance of practical base bleed motors and Their
supplementary reoundart igniter systems.

Magnesium/P- FE/Viton A (MTV) propellants have been considered in solid
rocket motor i.lniters and are now being tried experimentally as base
bleed igniter propellants. Peretz' 0  stated that the use of magnesium as
the metal counterpart is beneficial because it ignites and burns readily,
thus promoting efficient combustion, and requires small amounts of
oxidizing agent to burn. Viton A (.-C5H3. 5 F6 .5-)n, a copolymer of
vynilidene fluoride and perfluoropropylene, is often added to Mg/PTFE
formulations to increase homogeneity and facilitate fabrication. Because
of its chemical similarity to Polytetrafluoroethylene,
[PTFE + (-C2F4-)n], significant amounts of Viton A can be added without
altering tho combustion characteristics.

PeretzII listed the following advantages of the MTV formulation for use
as an igniter material: high energy content, high degree of safety in
preparation, low temperature and pressure dependence of the burning rate,
ease and low cost of igniter pellet or grain fabrication, favorable aging
characteristics, and stable burning at low pressures. He also listed
several advantages of metal-fluorocarbon compositions iF, comparison with
metal-hydrocarbon propellants: higher volumetric heat release, higher
rate of reaction, muich higher density, excellent thermal stability (due
to the high C-F bomio strength), higher activation energy, and much lower
production of soot dJe to the lower content of carbon. For magnesium,
the standard qravirnetric and voluJrrietric heats of fluorination [producing
MgF2 s]. are alpiorýt eýxactly twice as much as those for oxidation
[pro ucing MgO(s)].

a dlid jiti I /ud 'iV ( pub ished fwo of the rmum roamprehen Iive ,p pers

on epermentl Sudie ofthecomrbost icn of M~i/Pl`Fr7 proyel11ants. *2,13Theiutr prcp,!ei iant a)so ctintc lud , Vitun A. Ch, et a 4 h ave co.d. tc..

st udi"s of the thpr 'opý.y ic,31 pr .i ..rt. :es ,d comibUSt lOr ot mT|pfd -ba,,de
sid fulSIra srnran hurier m i:idlg th proel'i ht isth

su Pt f iis apn. Ihey tourid that the burn iog rit e w aScuiS !sfe.:t. ly,, h i s ae i n rit. rogen at ii,•s~h re, t ai in air, arid they a Iso
mT~eilSjs.u ! thi, T;her,'",• I (.!if, .1 t. t he 1.6 x 1tf-'• f C li.aver, to



tLw,- ctuthors' knowledge, no exper imental papers have been publ i shed to
(.;ate on the ignition behavior of MrV propel lants.II
L(haracterizdtiun of the ignition behavior of the MTV propel lant under a

1'idd range of cooditions is critical for determining the feasibility,
applicability, and subsequent performance of the igniter. Radiative
ignition has been often used in the studies of ignition behavior of solid
propellants. The high--power C02 laser is now the prevailing choice for
thp rddiant energy source due to its advantages of precise control of
lasing Hime and energy flux, and a high level of beam intensity that
simulates energy fluxes found in igniters and propulsive devices.

ihe overall objective of this research was to investigate the ignition
behavior of a Mg/PrFE/Viton A propellant under v.,rious ambient
conditions, to gain a better understanding of the processes governing
ignition, and to correlate this data with conditions experienced by a
base bleed igniter. Specific objectives were: (1) to investigate the
flame structure and gas-phase dynamics during the ignition transiert
under various pressures and ambient oxygen concentrations, (2) to study
the variation of ignition delay tne as a function of pressure, ambient
oxygen concentration, and ir~cident heat flux, and (3) to analyze the
gaseous species produced during pyrý)lysis and ignitiuo of the MTV

propellant and during pyrolysiL of PTFE and Viton A individually.

2. EXPERIMENTAL APPROACH

A diagram of the overall experimental set-up is given in Figure i. The
raoiativ*e energy source was a high-power Coherent Super 48 C02 Laser,
capable of producing 800 watts of power in the continuous wave mode and
3500 iatts in the pu';ed mode with pracise control of th,, power output

- and lising time. A beam profile, uniform within ± 10% across the
propellant sample surface, was obtained using an aperture with a diameter
of 7 mn to allow only the most uniform center section of the beam to
irradiate the sirface. For all tests, the actual heat flux was measured
with a carim.,ter. A cubic Plexiglass test cha.nber, 25 cm en a side,
with a stainless steel top cover was used for ignition delay tests and
schlieren visualization. Two high-quality glass windows were installed
in opposite sides of the chamber for the schlieren flow visualization.
For the species samplihg T, ests, in -rdrn fr ' ronsiderable species
concentrations, a smaller Plexiglass test chamber, 10 cm long by 5 cm in

I diameter with aluminum e-id caps, was employed. A septumn, installed in
the side of the chamber, allowed f.hr aas sampling with a syringe. The
too cove's of 5oth chambers were fitted with potassium chioride windows,
which ,re highly tran-,,,issive in the infrared range, for beam entrance.
Pressure and compositon of Lhe initial gas in the chambc.- was controlled
!sing a vacuum pump, a pressure/vacuum gauge, and an in;'rt gas supply

Ž,ystem.

Both the direct and schi iercr.- imaues were recorded with a Spin Physics
?000 video recording system. As seen in Fig. 1, th. system consists of ad
toot roller v dco !ioo it or , ad two camera heads. Max iM, r-mr cord ing s poed
is 1i?000 pps, but a 1 (00 pps recording rote was nmoployed 'or this
reir'h. The rontro-llar can d iplay both the f -chlieren aon (Ir e
,inmagex, si;oultaneously, all owing direct compar i son of the f I aine tructureo
and gois phuýse d'namiC.> lhe s(ctiicren system is a Z-type"

o imploying "g cn parabol i --ni,,ors to dire.t a -aiallel
!i•.t~t ~tt Ikm t rou')h tl,(, teist. chambiter froin a ]190( qatt ornt, intuou,_I,

_ _ _
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F[IGURE 1. Experlimental Setup fur C0 laser pyrolysis and ignlitionl
research

Tun~gsten-halogen lamnp. The beam is directed and shaped b,, lenses and
r'ectangular apertures at each end a-, it travels from the light source,through the cha mber, and into the video camera at the other end.

Jgnition delay t,.me3 were determined using two near-infrared photodiodesI
(spectral res 'ponse: 0.35-1.15 pjm) to sense the first lýIght emission from
a flame or heat production from chemical reactions. One photodiode was
positioned seven cm from the sample and aimed directly at its surface
while the ither one was positioned in an upper corner oc t(,he chamber and
aimed 2.5 cm above the surface to observe the gas-phase infrared emission.
To 3ignal "zeru-time" on bothi the photodiode traces and the direct viaeo
image, a strob'- ligjht was employed.. The data was 'recorded ,-n a Nico~et
oscilio~cmrlo and transf'erred to an IBM PC for processing.

After a test, samples of gaseous products were drawn from the testI
chamber with a one milliliter syringe. These gaseous product species
were then analyzed using a Hewlett/Packard gas chromatograph/mass
spectrometer. Most of tne samples were analyzed with ai Carbopack B,/5%
Fluorocol column. The temperature program employed was isothermal at
50'C fcr the f~rst 5 minutecs and then ramped at 150r per minute up to
200"C for the remainder of the run. *A column with Porapak Q&R in series
was also used to obtain datai on hydrocarbon species.

3. FLAME SFRUC:URE AND GAS-PHASE DYNAMJCS

Figure 2 is a cequence of images dep>;tiraq the ignition transient for a
sample ignitedJ in air eat I atmosphere. Both the direct and schlierell
photographs of the ignition sequence a~e shown. TIne times below each
pair of images represenit the timne ela,- ed from the onset of laser heating.
InI each pair of images, the ,aim.ple sut face is at the sdrne- height";
hovvever, the maignification of thw direct irn~ge is slightly less thar that
of the schli eren image.



I tgnitior occurs in Fig. 2a aft(-.r a delay time of 19 millisec-onds. The
faint Ilight emission seenr on) the simple surface in the direct imiageý
corresponds to the abrupt rifre in '(he photodiode signal (within 2
milliseconds) that was used as the criterion for ignition. The ir~itial
evolution of a gaseous spherp on the schlieren image occurs si ign~ly off

intenisity profile. mhe gaseouIs sphere expands upward in Fig. 2b dfnd a
uall of flamie is established within the dark outer, gradients of the
sphere. The flamne and evolved gases continue to propagate throuqh
Firgs. 2c-2f. A rnushroom-~shaped gas-phase structure can be seen inside
the outer' gradient in the sc~hlieren pictore ir Fig. 2e. The cap of the
rnushroo~n is due to the formation of a vortex resulting froii the
propagation of the initial sphere of gases evolved, and the stern is
formed by the continued evolution of a stream of gases normal to the
surface. The actual st~eady-staee flame shape has not yet been
established in Fig. 2f, but it is quite similar in size to the inner
flame region that can be seen in the schlieren 'Image. Large particles
can be seen in both the direct and schlieren images in trlis figure.

:1 1- 19 1y m o b) I22.iis c0 =33mis

FIGURE 2. Ignition sequence ý,t the MfV propella~nt in air at I atmospher'.
(q' - 64 W1,m? )

An ignition test. conducted at a low Dressure of --0.1 atmosphere is
displayed in Fig. 3. Clqecrly, this ignition process is much lessI vigerous thani the rdthor explosive dynamics observed -in the, higher
pressure ignition. The f4I rSt emiission of visible light does not occur,
unt -11 1,08 mill i seconds , out t he photod4 C)(Iiod signal abruLpt :y incredsed at
32 milliseconds. Evidently, the rise in tIre photodiode signcil was causedý
by a significanrt amount of hecit (infrared einssion) begin evolved well
before the visible light of a flamel was o,,) 'erved. Tnus , the ignition at.
low pres sure iscorrelated wit.h the s ian if-ca nt ev olut.i on of beat frac;nI ~ ~react ions; tire heot ovolu t i n does not direr tlY c orries pond t. the on set.
of a visible flarni.



Two distinct phenomLŽna ebserved in Fig. 3; are the abundance (;f very 1 arge
padrticles and fragrivcnt~s evoiv(t<, from tie sarnole arid 1fnC lack of any
gas-phase structure in the sc'1l ieren pictures. Figu,'2s Th and .ýc depnict
thcý evolution and tifansport of' two "iarge, fragments from? the surface, &rid
Fig. 'd shows the firs', sign cF a substantial flame zoe etaclisned on
the surface. rFh,-n in H gs, 3(- and 3f, huge ainoonts of very large
particles are evolved as the aiple "burns". In ' his- test, the side
surfaces of the sainple were riot inhibited, and particles evolved
horizontaily in Fi'j. 3f are a result of side buriiing. After the test,
these particles fully coated tha schlieren windows 1.5 cm from the sample
and blocked the schlieren `,m-ace t~v the tirn&e the sample hao beer,
completely burned.

a) t 104 ms b) t 108 as C)1= 1 Ilflns

i I's MS r) t -- 17ms 0 t 223 rni

FIGURE 3. Ignition sequenco of the MT% propellant in air ;it 3.
atrnospi'era (q" 433 W/Cm

2
1

.4 set of images depicting ignition in an inert all-osphere, of nitrogen
(- 0.5k 02) is gi.ven in FIg. 'ý. The gas--phase dynamics follow r'oughly
the -ime progression as '.hose for- tests in air. The grc:dients are
noticeably darker, though, indicating stronger density and/or ternpera-.:ore
gradients, and the flaime r~tru:zcUte is obviously quite different fromr the
ignition tests in air at ore jtmiospi~ere. [he flame initially propagates
to a height around !,0o cant imker above the sample surface anid then
recedes to the steady-state shape seen in Fig. 4f. Comparing Figs. 2 ard
4, it can definitely, Le _on cluded thdit ox 'vg'en plays a significant role -in
thie roactions th'lt produce ;.large 1 ominoupl medin igto. h
final steadwvstate fla.-e is al,,o larger for thi: case of air.
F-ina1 ly, F-ig. 5 displays twc schl ieren images witt, different le~vels of
magnification that were obnairicd using diffe-r' t focal liengt.hs of
collI mating~ lenses in fron 0' the camerd. Ielne se o i'

ai~d ",b provide magn ificat ions of 1 .8 and 4,5, respect voeiy, of the ~iiages-
disp'layed in Figs, 2-4. hoth ifrnacs in F-ýc, 5 represent ignition in air

atIatmosphr f,. r'ieasuy em'rý tcý, t~kC f rfu c,:T a. tI I teilues , i.''res-pect flye r f
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the level of magnification, corresponded very well, confirming the
accuracy and reproducibility of the schlieren system. These measurement
showed that the primary flame zone established on the sample surface is
1.2-1.5 mm in height.

-4. IGNITION DELAY BEHAVIOR

The ignition delay behavior of the MTV propellant was investigated as a
function of pressure, heat flux,and ambient oxygen conc:entration. The
ignition delay times were determined from the photodiude traces as the
elapsed time from the initiation of laser heating to the distinct point
where the signal rose very abruptly, evidenced by the typical photodiode
trace given in Fig. 6. There is a very abrupt "spike" in the signal
which drops and then rises again to a relatively steady state. This
ignition delay time was normally within 2-3 milliseconds of the time
lap!-ed until the first light emission observed in the direct image.
After ignition, combustion of the samples was sustained until they were
totally consumed, regardless of the ambient conditions.

250:-

-----

.- 1 0 j

0 o- -- /

0 50 1 O0 150 200

TIME (ms)

FIGURE 6. Near-field pho~ndiode trd:e of ignition in air at I atmosphere

(q" - 670 Wl:a )

Figure 7 e>,hibit:s the i-nition delay behavior as a function of ambient
pressure -id incident heat flux. The two curves indicate the pressure
dependence, one for igitilion at I atmosphere and the other in a relative
vacuum of 0,J atmcsphere. Most importantly, it can be seen that the
ignition deay times are shorter at lower pressure. Also, the profiles
of both curves as a function of the radiative heat flux from the CO2
laser are quite similar. In other words, lowering the pressure merely
serves to shift the curve down while maintaining the same flux-dependent
profile. However, the reason for the shorter delays at lower pressures
can most likely be expldined by the results given in, Fig. 8.

iI



I

2 00

P I atm

0-a

50 atm

0 200 400 600 800 1000

HEAT FLUX (W/cm2

FIGJRE 7. Effect of pressure and incident heat flux on ignition delay
time of MTV propellant in air

* IFigure 8 illustrates the effect of the ambient oxygen concentration on
the ignition delay behavior at a constant heat flux. Although more data
is needed to confirm this behavior, the trend is believed to be correct,
and it represents a significant point in understanding the ignitionI mechanisms. The curve shows that the ignition delay time increases with
an increase in the ambient oxygen concentration. This behavior is also
the most likely justification for the lower ignition delays at lower
pressures observed in Fig. 7, since as pressure decreases, the
concentration of ambient oxygen also decreases.

Some interesting results relative to understanding the inhibiting effect
of oxygen were presented by Griffiths and Robertson.1 5 They did
simultaneous DTA/DTG experiments on the decomposition of PTFE powder and
Mg/PTFE powder mixtures in different ambient gases. They observed that
the decomposition of PTFE was endothermic in N2 and argon but was
exothermic in air, suggesting that the PTFE decomposition products react

with the oxygen in the air, They also observed significant differences
in the DTA curves for the decomposition of Mg/PTFE (1:1) mixtures in air
and in argon but did not discuss the mechanisms that may produce this
behavior.

In this work, it was believed initially that the inhibiting effect of
oxygen observed in Fig. 8 was due to the reaction with Mg to form MgO and
thus prevent the fluorine from reacting with the Mg. Since the
gravimetric heats of oxidation and fluorination of Mg are 24.75 KJ/g and
46.25 KJ/g, respectively, 1 1 the reaction of oxygen with magnesium would
generate less thermal energy than the reaction of fluorine with
magnesium, producing a longer ignition delay in air, However, ignition
delay tests performed on a pellet composed of a 1:1 mixture of PTFP and
Mg without any Viton A showed that the `gnition delay was approximately

I
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FIGURE 8. Effect of oxygen concentration on ignition delay time of MTV
propellant at I atmosphere (q" - 400 W/cm
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twice as much as that of the MTV propellant under the same conditions,
leading to the conclusion that Viton A is the rate-controlling ingredient
for the MTV formulation. Properties of these polymers that would seem to
substantiate this behavior are the decomposition of Viton A at 589 K16

versus 803 K13 for the PTI:., and activation energies of 210 KJ/mol and
350 KJ/mol, respectively. The effect of oxygen on the ignition delay of
the MTV propellant should then be a result of its effect on Viton A, not
magnesium. As will be discussed in the next section, many of the major
gaseous species evolved in the decomposition of PTFE are also observed in
the pyrolysis of Viton A. Therefore, the effect of 02 on the
decomposition of PTFE observed by Griffiths and Robertson might also
apply to the effect of 02 on Viton A and thus explain the longer delay
times in air.

In an attempt to improve the ignition and combustion of the MTV
propellant, boron was added to several different formulations of Mg and
PTFE. The ignition delay results are presented in Fig. 9. The results
indicate that increasing the dmount of boron in an Mg/PTFE formulation
significantly reduces the ignition delay time, with the shortest delay
observed for a 50/50 fcrmulation of Boron/PTFE without any magnesium.
Two factors considered in explaining this trend were radiation
reflectivity at the 10.5 m wavelength of the CO2 laser and thermal
diffusivity. The reflectivity of magnesium is about 0.75,17 which is
much greater than that nf boron. Therefore, a large part of the laser
energy may be reflected away from the surface of samples containing
significant amounts of ýiagnesium. It was considered that the ignition
enhancement by boron observed in Fig. 9 may be an artifact of the laser
and not a practical consideration for the improvement of the ignition of
Mg/PTFE propellants. However, the combustiorn after laser cutoff of the
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FIGURE 9. Effect on ignition delay )f the addition of boron and Viton A
to a Mg/PrFE propcllant (i~nition in dir at I atmosphere)

3 Mg/B/PTFE formulation with 30% boron was much more vigorous than the
formulition without any boron, indicating that the addition of boron does
have a significant physicochemical effect. Also, the thermal diffusivity
of magnesium is 0.876 cm2 /sec, which is eight times higher than boron.
Consequently, in a sample containing magnesium, in-depth heat transfer is
much higher. This phenomenon lowers the rate of increase of the surface
temperatu'e, which in turn, increases the delay time to ignition.

Another important observation from Fig. 9 is that the replacement of PTFE
in the 50/50 Mg/PTFE formulation with an amount ef Viton A significantly
reduces the ignition delay time. Kubota and Serizawa1 3 reported that the
addition of 3% Viton A to their Mg/PTFE propellant did not 3lter the
burning rate. However, the MTV propellant. tested here contained a higher
percentage of Viton A, and the effect on the ignition delay time was
obviously significant. The lower delay times are believed to be caused
by the lower decomposition temperature and lower activation energy of

Viton A, in comparison with those of PTFE, that was reported earlier.

I
I



5. PYROLYSIS AND IGNIlfON PRODUCT SPECIES ANALYSIS

The gaseous species evolved during the pyrolysis of PTFE and Viton A, and
the ignition of 'the MTV prope'&lantl, were analyzed with a gas
chrornatograph/mass spectrometer. Tests were conducted in both an inert
atmosphere and in air to investigate the role of oxygen in the ignitio-,n
procesles. Solid ignition produj-ts were also analyzed with a Scanning
Electron Microscope.

The pyrolysis of PTFE in an inert N2 environment at one atmosphere
produced the total icri chromatograph given in Fig. 10. The sample w'as
heated twice by a heat flux of 430 U/cm2 for two seconds each time. The
most abundant species evolved are C2F6, C2F4 (the monomer), C3F6 (two
isomers), CF4 , and t1wo isomers of CiF 8. Interestingl,,, the most abundant
species, perfluoroethane (CýF 6), was not 1ijsted in a depolymnerization/
degradation chart for PTFE presented by Elias,18 but was the most
abandant compound observed in the pyrolysis of both PTFE and Viton A.

N2  , cv

5 E /

C, F, C4F (;-m-),'
:3 (Jo~ CioF~r1 ,

T Im e m f n

FIGURE 10. Chromatograph of the pyrolysis of PIFE I in ane it N2
environrnen it. I atm (q" - 430 W/cn.

2 
for' 2 heatlngs of 2 sec)

Figure 11 comrpares the inert pyrolysis of PTFE (shown ½;r Figs. 10 and
Ila) with thie reaction of PTFE in air at I atmosphere. Figure 11 shows
that the amnounts Of CAF and C4 F8 decreased slightly for pyroly,,sis anid
reaction in air (Fig, lib), compared to pyrolysis in nitrogen (Fig. h~al.
The amiount Of C2F6 appears to remnain 1'.he same. The amount of CF4
appeared to increase in Fig. jib, but th2 mass spectrometric breakdown of
that peak indicated that CO arid CO2 w~ere also eluted at that time, and
the three compounds could not be individually reso~ved. Griffiths and
PobertsonI1 5 reported that C02 and CF20 had L~een found by several other,
-esearcha.ýrs for the reaction of PTFE in air. However, the e~xistence of
CF2 0 could not be confirmed by the present apparatus. Using a
nicroburner to stud 'tie premixed burning of several fluorocarbon-oxygen
mixtures, Matula 19 reported signific-ant burning of mixtures containing
C,3F6 and C4F8. Hie also reported that, CF6-O2 arnd CF4 -()2 mixtures could
not be i~initc-d at one dtmosphem ', of air. rhese result's are consistent
wmi rh che rasul ts presented in F- ij. I1I.
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FIGURE 11. Chromatograpih of the pyrolysis of PiTF (q" 430 W/cm 2 for 2
heatings of 2 nec)

Figure 12 gives the total ion chromatograph for the pyrolysis of Viton A
in an inert N2 atmosphere. The major species evolved were CF3 H, C2 F6 ,

C2 F4 , C2 F3 H, C2 F5 H, C3 F4 H2 , C3 F6 , C3 F5 H, C4 F6 H2 , CPFIO, C5 F7 H, and C4 F6 .
The two most abundant species evolved were C2 F6 and C3 F6 , which were also

the most abundant species, along with the monorer, that were evolved from

PTFE. The similarity of products between PTFE and Viton A substantiates

the claim that the effect of oxygen on the decomposition products for

Vitorn A and PTFE may be quite similar. Interestingly, no CF4 was

U observed for Viton A, but a peak observed at the same time it is normally

eluted contained CF3 H. A trend was observed where fluorine atoms were

replaced by hydrogen atoms in some of the more common CmFn structure.s

I (i.e., C3 F6 => C3 F5 H).

The chromatographs of the gaseous product species evolved for the

ignition and combustion of the MTV propellant are presented in Figs. 13

and 14. Since the 5 millimeter cubes of propellant were totally Lonsumed

after ignition and the gas samples were taken after the test was over,

the species analyzed were the products of sustained combustion and not

Ijust ignition. Figure 13a displays the results of tests conducted in

air, and the tests for Fig. 13o were conducted in an inert nitrogen

atmosphere. Magnesium compounds were not observed in the gaseols state

in eiL:er case. As was seen in Fig. 11, tests run in air also produced
CO and CO,> as well as most of the other products identified in the
combustion in an inert atmosphere.

The rest of the peaks observed in these chromatographs establish an

irmportant point to be considered in the mechanisms of ignition and

subsequent combustion of the propellant. Almost all ol the species

observed for combustion in both air and an inert N2 atmosphere were CaHb

II



--.- -E? ------

Ti

Ci F, It

_ _ _ ~Time (:mir;. ) _

Ii. ''•41'11I2 C'5F,0 , ('.-F7 t 1

3 OF: 1-5

C I13

, 10 1 1 F1 7 13 14

L ____Tim.' (mmn.) _______

a O.EGi CJ71J
C 1, 5Ef, H,'

"2 5 OES:Cr

1 9 to 1 2 3 1

__~Tim,, (min.) [

FIGURE 12. Chroma~.ograph of the pyrolysis of Viton A Jn an inert N2  I
ernvroniment a•r I atmosphere (q" - 430 WicmL for 2 heatlngs of2 2 seconds)

CI

i compounds, and the numerous CmFn and CXHvFz observed in the pyrolysis of

Teflon and Vitout A were not found in the-combustion of the MTY propellant. F
A probable explanation is that the primary pyrolysis species are consumedUi ~ to form undetected HF or to form the observed MgF 2 solid products. Also,
the small peaks from 8--~13 minutes observed in the inert combustion tests
are not evident in the comnbustion in air; clearly, the combustio3n in an

inert atmosphere is not as complete as that in air.
In Fig,. 14, gas samples of the MTV propellant ignition and combustion inI

air were also run through a series of Porapak Q and R columns for species I
identification. These columns are more applicable to detecting CaHbcompoundF. However, only a few compounds of this type were detected,

though, in small amounts, as well as a significant amount of CO and CO2 . [

SI

These resuilts verify the results given in Fig. 13a for the same
experimental conditions using the Carbopack B/5% Fluorcol column forana lysis 3

FX-ray diffraction analysis was also used to investigate the compositior
of the condensed-phase species evolved during the combuspion of the
Tpropellant. igF 2 , MgO, and carbon were detected in varying amounts,depending on the test conditions. Of course, c gO was only detected insignificant amounts for the combusticn on air.

ar w

S'These columns ar m e ae t Ii ng .

comoud~. Hweer oly fw ompuns f histye eredeeceI
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6. SUMIMARY AND CONCLUSIONS

The pyrolysis and ignition characteristics of a Mg/PTFE/Viton A igniter
material were studied under radiative heating by a high-power CO2 laser.
The ignition sequence was recorded by both direct high--speed video
photography, of the flame structure ind schlieren flow visualization of
the gas-phase dynamics. Ignition delay times were obtained as a function
of incident heat flux, pressure, and ambient oxygen concertration. A
gas chromatograph/mass spectrometer was used to analyze the pyrolysis and
ignition products of f',e test sample and its constituents.

High-speed video photography showed that ignition always occurred on the
sample surface. A primary flame zone attached to the surface with a
height of 1.2-1.5 millimeters was observed in both air and inert gas
environments at one atmosphere. The size of the luminous gas-phase plume
above the primary flame decreased with a decrease in ambieIt oxygen
concentration for tests, conducted at one e'tmosphere. However, at a
pressure of ý 0.1 atmosphere, no evident plume evolution and gas-phase
dynamics were observed, and the igniter material decomposed in large
fragments.

Ignition delay times decreased monotonically as heat flux increased,
pressure decreased, or ambient oxygen concentration decreised. The
effect on ignition delay of adding boron or Viton A to a oasic
composition of Mg/PTFE was also investigated. The addition of boron
significantly lowered the ignition delay time and greatl) enhanced
combustion. The addition of Viton A, which has a much lower
decomposition temperature and activation energy than PTFE, greatly
lowered the ignition delay time, which led to the conclusion that Viton A
is the rate-controlling constituent for ignition of the MTV igniter
material.

For combustion of the propellant in both inert N2 and air environments
at one atmosphere, the only gaseous product species detected were several
hydrocarbons, with the addition of rO and CO2 in air. However, for
pyrolysis of PTFE and Viton A individually in an inert. N2 environment,
numerous fluorocarbon species, and hydrofluorocarbons for Viton A, were
detected. It was concluded that these primary pyrolysis species are
consumed to form the detected hydrocarbons, CO and CU2 , for combustion in
air, undetected HF, and solid MgF 2 and carbon. These c;ondersed phase
products were identified with a scanning electron microscope. Solid MgO
was also observed for combustion in air.

In summary, the MTV ;gniter material with the addition of boron is highly
recommendeo for base bleed applications, due to its suitable ignition
behavior under various gas and low-pressure environments.
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DEKVELOPM1ZNT AND PRODUCTION OF BA.SE BLE~ED GRAIN FOR
155 MR GUN

Haugen, Steirar Melby, Knut OppegXrd, Arth,;r

I Defence Products Div ision
RAUFOSS A/S
2330 Rautoss Norway

1, INTRODUCTION

Raufoss A/S firl.t involvement in the basebleed svstem was
production of baseblýed grains for BOFORS in Sweden. The
first deliveries were for 75 mr. guns in 1983. Shortly
after production of grains for 120 mn followed.

I The baseline propellant wa3 a composite type with
hydroxylter-ninated po~ybutadiene (HTPB) binder system and
wi.th 80% ammonium perchiorate (AP).

A central patent which covers several aspects of the
basebleed concept including propellant tylpe, is a
Swedish patent held by Mr. Gunners, Hollgren and
Liljegren (ref. 1).

The dovelopment of the composite propellant basebleed
grain was performed mainly at the Swedish National
Defence Research Institute (kn-wn as FOA in Sweden).

The results from the development work ace publi3hed in
public reports mainly. Some of the maia reports which
also will serve as a source of references to c-ther work
are: Liljegrens study of the combustion of fuel--rich
HTPb-propellants with ammoniiun perchlorete as oxidizer
(ref. 2) reported in 1979, Gunners, Hellgren, Liljegren
and Nilssons rerort dated 1.979 on designing and testing
of a basebleed system for 155 m-tm gun (ref. 3), Liljegrene
report trom 1980 on experience from production of
composite propellant basebleed grains fcr 105 mr gun
rounds (ret 4), Nilason and Sandens report from 198I on
ageing studies of HTPB composite propellants end liner2
for rubberbased inhibitoks (ref. 5) and Schwarts' report
dated 1.982 on methods and results from testing of
propellant -necharnical p.roperties and bond strength
between inhibitor and propellant. r'f, 6).

1For the tim being, RAWFOSS is producinq composite
propellantv basebleed cjrains foi- 155 imm gun ammuniticn for
BOFORS. The present production is base. on• a revised
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-,onc-rpt for the basebleed sy*3tem.Tllis .is a resuilt. of
deveilopmer't work performed after- a proiJ.,(-f #a.8
*,:Yicoiintered in ups~ca i~nq to 155 mm ammunit~ion.

2. INITIAL, BASEBLEEI) DEVEMOPMENff ACTWTT XES LITA.~~

2, 1 B~ackground

The initial production of basebleed grainirs for 75 aa~d 120
nim guns was based on a complete data package sulmnitted tly
.9OFORS. There were some discreýpailcios wi-'th RAUFOSS'
production knowhow. Changes were proposed to and a2cep~ted

by BOFORS. Propellant changes during that~ period w~ill be

doscr~ibed in thý. following. I
2.2 Bordinq Agent

The propellant contained a bonding agent. ,A prodi.ct-1on
process for that agent was developed by M-t. Ni~lssci) ý.incd
Sanden, FCA,for HTPB/AP propellants (ref. 7). E£cndirig
agents improve the mechanical p;roperties o2' ,ýcmpos.Jite
propellants by increasing the adhesivo stre~ngth bet11weenI
the AP particles and the polymer, and are reco.qnized as
necessary ingredients in HTPB composite propella.nts.

The specified agent was a condensation prod,,ct of
tartaric acid and fftethyl-a~iridy1.- phosphine oxide (MAPO)
which iLs a curing agent for cdrboxyli:erminated
polybutadienes. RKJUFOSS propesed tD use anothez kondincI
agent from the amine family of chemicals. rThs. rat~ionair-
fc-r th~i.s change was -naixily to prevent personnel from
ex,,osure to carýýinog~eiie agents i~n the processi-ng, of!
bonding agent ava propellant. The new agent, accord~ng to
our knowledge, ales,, had better ageing properties in. a
humi~d eni Ixonment,

'Posts were perl.orrned where propellaTnt sampler. witb
ci ffcrenc. bonding agents vore xroedto air W.;th veir~ied
relative uMisld-ity. The 61-.ipe of the saa-i'vls Avrc st~a'dard
JkIVNAiF doqbcnes whicIA have a moisturs.difý ui web of
appr7oximately 35 mm. Af.eceos~~te~i-p-s were
ciried, Tho zaca-CaL p.ete rei'au-Ždbefore eand

aftL(-r the Li-eat~men,., PResiilUý axr-. given in z Iig. 1

Even thi-s short cnac2ntest incidicated J).T.Ere'lces in
mo~isture 'es~. #t.Whert expas I tz- iniusý: air, I-he

pro~l~nt iththe ne:w aox.n .:mnt see-Is toc be able to
regain its .i~tmlorflpýýrties wl~cr' it -0 drit-(,d. The
previousl I iSed bond ir~g aqEW;kt Vt7.:PS (r7 V# !C' 0Jr

1trreveri.:i , i~bv clateriorat*:d a'- t.,:r woouri mi st~ura, hiiti
is les s s*~)-v#.. to ishortl-,J ýrne wo e hsdfoe
i..n provkrt..e; J.-,4 oLeai. w~; sa~ ~~n
pro2-,du ICf". 01? "'and I I, nq o,' tllJ7a~in-i, \-o prc: ce gand
by he - L, : tic,



LC'WOVer, 1n:)i~t*Xkre- access5 to comrpo~it~e propc-l..&nts is
alwa~ys d probl]eir when rne(-xanic~al properties are
coiicernod . 'Phie; L? .LUý ~ t by fig. 2It. is. aL3. pi ot:. of
thet relatioii betwueck ,),echanicai pr(Jpe. tI.e3oa
rprezinir-. %,ý.rIzus relat~ive humfidi~ty in the ziir witi which

the p.,ropeX)).ar~t .tq ir. , ii~r'm The propel lant contains
the amine boitcing agqz-rit.

2. 3 Antioxidant

A number of antioxidants are available for HTPB, IRA U F0 SS
produce a~ number ot prcpe3 ier"_ torn~ulations, and strive
for a reduction of the number o~f chemicalti stored inhcouse
for eco~nomical reazors. We propos,ý -to change t~he
2intAi`c~xid-ant in zhe- basebleed propel lar&.-

m geirng teet~s at. elevated It.enye,)ratur3 were- periorned t
vt-rify that no meduction :in propel lanz shelf2ife, wa,9
..Yaroduced by the'se change-, in the llorgiuiation,
Thkz effecA. of hurudity on ageing was inc~luded Ln the,
testo. Propellant. sump.les lvere stor'Ad in -~ontact with atz
w 'th a range of di~firpnt relati.ve lhormiii Le. up to 7:A.

3. 5EVELOPMENT OF BASEBLZED GRAIN F.OR 155 liM GUN

3.'A Pr,)'i1em def~initic;, and development rosoiirres

Tinside the gun brre tile. grainr is e~xposed ti, a
nvironentwith ext~reme def orma tion potential1.

Defon-nation of the q-,,i.in is a zesult of the coxtbined
foresfroir gas pi:etss re and linear anid rota"-ionalI ~acceleration. A main design goal. for rnasebleed systems

con.,equenitl4 is to avoid t:-at the grain Jr, strained
b~eyonPd its failure limits.

ýA 5t r-iin rblm we~ encou.ntered in -t-he .L-55 ium 1)ase~bleed
na~ t c unch-angq ,d p 7ope~lant and pzadgrain

AtRAUIFj2S a pro3pt,-:.I. La develŽopiuenl: p-(.I c,,r'an wes,1 ~ '.n~i ~~: ~ A, Problemivi.i .eirt leveLopm-ent wa:-i thm:,
Vii :m\.i~n ~r ~ *i.iqon t.~±e :j~nwar of a

magnituJ ' :I'r oauts~ld ' trie,' ra~i-je cJf Torr~a te.st qafm7i

ýI to de4 
. caZInra- te.: press ur,_s.

~)iO~~ au ~2~OtOspr':Dý C , erL qi~t and'
'T . l X .ýIa V 9J:I: wh?.Ici I 1 t: .a. it T- itjc

paseblcuAl qnc_-hns c(,ild -fl~ bo, pro-ved, by eivŽu



BOFORS solved the probleri for the ongoing production of
basebleed systems for 155 mm gun by special mechanical
designs combined with a slightly modified baseline
gropallant. RAUFOSS continued the development of the
p,7opellant for a possible revision of the basebleed
syrstem in the future.

3.2 Description of special test equipment

BOFORS has equipment to test propellant samples exposed
to high rate of compression. Small cylinders are
compressed at a predetermined rate. A number of samples
are compressed to ciifferent preset values with
registration of load vs. compression. After the test, the
samples are visually inspected to determine cracking. In
this way the failure limits for a propellant are
established.

An example of compression force versus deformation curves
is given in fig. 3. In this example the line represents
test data for a sample which is compressed 64% of its
initial height. The points in squares are calculated from
uniaxial tensile test data, and agrees very well with the
experimental curve up to about 35% compression.

The Swedish government has special equipment for
testing of propellant grains exposed to axial
accelleration of the same magnitude as in the guns, and
subsequent retrieval of the grain for visual inspection.
Fig. 4 is a sketch of this equipment. Its main components
are a 120 mm gun and a long tube. The projectile, which
contains the test object, is fired into the tube, and
braked by the air in front of it. The compressed air is
vented ouc at a rate giving an unh-tarmful retardation of
the test object.

Fig. 5 is a test projectile with a basebleed grain.
To measure maximum deformation during acceleration, a
witness rod is positioned in the grain bore. It is
covered with wet paint which will be transfered to the
grain where contact has been established dturing the test.
By varying the witness rod diameter, the deformaticn can
be registered. The grain also is visually inspected for
cracks after the test. Limitations in this tests validity
for what is happening in gun firings, are the lack of
rotation and exposure to gas pressure.

The high rotation rate of smin-stabilized projectiles may
have an influence on the burning characteristics of a
basebleed grain. Possible effects of propellant changes
were tested on BOFORS' spinstand. Fig. 6 are examples of
pressure - time traces for baseline propellant grains
burned with and without rotation. In this example the
rotation increases the pi'essure in the middle of the
bi•rntime.

/ I
.=_____ _________



3.3 Propellant development

The main goal fo. the propellant development was to
improve the mechanical properties. The main limitat.ions
to be observed in the development are the requirement of
fuelrich propellant (max. 80% solids) and stable burning
at low pressure which as a general rule determines a
lower limit for oxidizer content.

The initial studies were mainly variation of particle
size distribution and cure level. Binder system was not
changed. This is cenventional techniques, and will not be
discussed here. The novel parameter we introduced, is the
use of fibers to obtain a tougher propellant.

Previous use of fibers is described by L.J. Van de Kieft
et.al. (ref 7). In 1982 published investigations on the
effect of fiber reinforcement of gun propellants.

Screening activities comprises of mixing in a 1 gallon
mixer to obtain processing data, dogbone samples for
tensile testing and strands for burning testing. Some
promising formulation has been tested by BOFORS in the
special test equipment for basebleed grains.

Different fiber types of short fibers, some coated types,
has been added to AP/HTPB propellants. We have found that
just very small additions of fibers to propellants with
low solids loading has a significant effect on the
mechanical properties of the propellant. Some may have an
effect on burning properties.

As an example we have chosen some effects of carbon
fibers added to the baseline propellant for the basebleed
system. Fig. 7 -- 9 are plots of the effect of carbon
fiber concentration on mechanical properties. Fig. 10 -
12 are plots of carbon fiber length vs. mechanical

* properties.

Fig. 13 demonstrates the effect of fibers in high rate
compression tests. Four samples are compressed to
different degrees. The broken line represents the
baseline 80% solids propellant.

Basebleed grains with 0.2 % carbon fibers were burned inI BOFORS' spin-stand. Carbcn fibers did not have
asignificant effect on burning properties on neither
static nor rotating grains.

3.4 Conclusions

Fiber addition. Small amounts of well distributed fibers
added to a composite propellant with low solids loading
have a significant effect on mechanical properties.
Variation of fiber type, size, coating and amount added
is a powerful tool in tailoring mechanical properties of
such propellants.

I
I __ _ ____ __-__ _ _ _ _ _ _... .



Burn tests of 155 mm grains on spinstand revealed no
significant change in the burning properties when carbon
fibers was added to the propellant.

Prlopellant for 155 nmu basebleed. The ongoing production
is a slighly modified baseline propellant without fibers.
The grain overstraining problem was solved by BOFORS by
introducing a special mechanical design.

4. PRODUCTION OF BASEBLEED GRAINS FOR 155 MM GUN AT
RAUFOSS

Fig. 14 is a flowchart for the present basebleed grain
production at RAUFOSS. A blend of coarse and ground AP is
mixed with polymer, additives and curing agent in a 300
gallon Baker-Perkins vertical mixer. Propellant is cast
and cured according to standard procedures.

Grains are machined to correct dimensions and inhibited
with curable inhibitor according to RAUFOSS processes.
Special production equipment was designed and built by
RAUFOSS for the production of basebleed grains for 155 mm
gun ammunition.

Quality control of the propellant and the grains are
testing of

- Mechanical properties
- Burn rate at ambient pressure and no rotation
- Peel test of propellant/inhibitor bond
- Weight and dimensions.
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fl ABSTRACT

The fluid dynamic aspect of the effect of base bleed is briefly r'-
viewed. Earlier understandings on the basis of interaction between the
viscous and inviscid streams can adequately explain the three different
flow regimes as results of base bleed. The efcect of energy addition to
the wake has also been ascertained from this approach. With the de-
tailed numerical computations of the flow by solving the Navier-Stokes
Eluations becoming available, the effect of base bleed can be illus-

trated by providing appropriately boundary conditions of the bleed at
I the base.

INTRODUCTION

Flow studies on the pressure prevailing behind the blunt based bodies in
flight have been prompted by the considerable importance in its
practical applica.ions. Sirce this pressure--the base pressure, is
usually much low,.r than that of the free stream, it constitutes a major
portion of the overall drag experienced by the body. Although early
studies of low speed flow around blunt based bodies tended to be over-
shadowed by the phenomenon of vortex shedding, research initiated since
the advent of high speed flight resulted in a slow u'irveling of the
processes and mechanisms which control and establish these flows. The
essentially inviscid external stream establishes and determines the
overall flow pattern including the low pressure prevailing within the
major portion of the wake. On the other hand the viscous flow
processes, such as the jet mixiny along tne wake boundary, recornpression
at the end of the wake and the ensuing process of flow redevelopment,
establish and determine the 'corresponding invisc*d body geometry."
Thus, a low base pressure is the result of the strong interaction
between the inviscid and viscou: flows; the latter being attached to the
inviscid flow in the sense of the boundary layer concept. Naturally theI method of controlling and reducing the base drag becomes also part of
these investigations.

*Present- •ddrýss: Department of Mechanical Engineering, Florida
,ti•t nt Jnivc 1(tsiy, Boca Rator, FL. I <431

I



One of the eff(ect i ve ways of redoc i nrg th e ) - drag is to i n' eas t h e
base pressure t:hrough base 1 b ieed.. I t has t)ee ci elrned t 0(1! by b41 di nq
i certdin armotnt of relatively hot fluid in t.he .wake, the base drag can
be reduced. It is the initentien of this paper t.. present a br i c.review
on the fl iid 0ynamic. aspect: of the base hlEýi•. Flow modelis for such
studies and the influence of b:ise bleed from the earl]N, cructe anald ves up
to the sophisticated approach through solving the Navier-stokes
equations are presented n; the folowi, cI sections,.

STUDLES ON THE. BASIS OF SfRONG JNFERACTION

three r.ecades ago, the second author had the opportunity 'f
examining tne effect of base bleed iith a small scaled model (Fig. I)
simuilating a project !le in supt:rsonic flight 1II. For increasing
stagnation pressures of the bleeding Jet issuing from the center portion
of the base into the wake, it was learned that three disi:inctly
different flow regimes exist (Fig. 2). Starting from Che no-bleed
condition, where a low base pressure prevails throughout the base-wake
region, the base pressure would increase as the stagnation pressure of
the base bleed increases. Under this condition, all the mass of bleed
is entrained into the mixinq region along the wake boundary of the slip
stream, and the flow condition (indicated as Regime 1) is depicted in
Fig. 3. This trend of incre-cise of the base pressure persists until a
maximum base pressure is reached. [hereafter, as the stagnation
pressure increases, the momentum of the bleed is strong that the part of
the jet can overcome the high pressure orevailing at the enj of the wake
as a result of flcw-recompression, and the base pressure would de-crease. This type of Flow pattern is shown in Fig. 4 (identified as

Regime 1I). The base pressure would continue to decrease as the stag-
natiGn pressure of the base bleed increases until a relative minimum is
reached. Thereafter for higher, stagnation pressure ratios, the jet is
so strong that it oecomes a supersonic stream itself and the base
pressure increases again relative to the pressure ,)f the slip stream.
The flow pattern pertaining to this region (REgime 11) of the flow is
depicted in Fig. 5. The interaction between the two supersonic streams
is such that an equilibrium base priqure is reached. In Fig. 5b, wrere
detailed flow field at the end of tlae wake is shown, the slip stream is
pumping out a certain amount of fluA from the wake whiie the jet stream
is feeding an equal amount into the wake so that an, equilibrium situ-
ation can be maintained. For unusually high jet stagnation pressure
ratios, the base pressure may even be higher than that of the approach-
ing free stream, and the plurmming jet may even cause separation of the
slip stream away from the wall ahead of the base (plum-induced
separation).

The above description on the effect of base bleed has been observed and
suppor-ted by many experimental investigations 12-51. The theoretica)
description and explanation of the phenomena ill were based on a simple,
crude, yet effective component analysis origina ly developed by Korst
161. By studying the constant pressure turb.ient mixing process in con-
junction with an "escape" criterion (t the end of the wake, an equil-
ibrium base pressure solution can be reached by imposing the principle
of mass conservation within the wake. Although this study lj1 was
carried .)ut witih a two dimensional Model with a supersonic slip stream.,
it is equally applicable 1:o an axisymmetric configuration as the
SsepnrOýLe' fin.o ie d is (•uverrled by the same flow mtlchdn isms of 'iiscou(



I interaCtions. It iiay also he (:ornjer.It u red t at. s in i ilar ph 1nonM. 0o d a so
exists for other fiow regimes of the suin) sstream.

throucgh a s imi 1ar cons i dera" ion, 'he ef fec.t of heat addition into the
wake through conducting wil is on t!e base pres;sure has also been
exdmined Ill. Figure 6 presents a set oi results for i flow past aIbackward facing step showing the inf luence of heat iddit ion (or
extraction) on the base pressure ratio without any mass addition, wn!le
Fig. 7 shows the ef1fect of iboth .iass and heat addition for t;e same

'coblem. Experimental verification on the effect of heat addition is
also presented in Fig. 8 171. Obviousiy heat addition provides th(-" same
favorable influence as the mass bleed.

The methods of analysis on viscous flow roonipression and redevelopma"ntI'were improved and deceloped iater 18-121. These more refined analyses
have been employed to study bhst, pressure problems in supersonic,

* incompressible arid transonic flow regimes. specifically, the study of
lransonlc flow past a projecti ie based on an equivalent body concept
yielded the detailed breakdown of the fore-body drag, the skin friction,
and the baise drag. Indeed, the base drag is always a major porti,.)on of
the total drag experienced by the projectile (see Fig. 9). The merit of
boattailing has also 0een substantiated and explained [121. It is
conceivable that the effect of base bleed nay be exaominked with these

* improved analyses, Since the schemes of large scaled numerical
computations have been developed, this effort has not been pursued.

STUDIES THROUGH SOLVING THE NAVIER-STOKES EQUATIONS

I As more powerful (both in speed and memory space) digital computers
become available, it is quite ponular to examine flow problems by
solv-ng The Navier-Stokes equations with adequate tarbulence modeling,I Indeed one cf the major research activities of the first author nas been
the study of base pressure problems with or without bleed, by solving
the Navier-Stokes equations in the transformed coord ; nates. Upcon
adopting a thin-layer approximation of the transformed Navier-Stokes

Sequation, the phenomena of base bleed in ,tny of the foregoingly
described f ,ow regimes can bc completely preedicied from this approach by
simply providing the appropriate boundary conditions in the base region
(conditions of the bleeding jet). Results ootained by the first author
and his colleaques [13-171 have suppoMted the observed influences of the

base bleed throughout all three flow regimqes. Figure 10 shows the
detailed streamline pattern of the flow within the regime 1, where allImass of bleed has been entrained into the miXIng region. It can be
easily cbservý:d from this figure that. i) Lhe horizontal bleed core flow
pErsists farther downstreaim wýthin the wake fcr a larger wass bl]:.ed
parameter (1) before it is completely entrain,.J into the mixing region,
and ii) judging from the shade simularting the Prandt] Meyer expansion at
the corner, 1arger mass bleed parameter correspoods to a h;,*her base
pressure ratio. Indeed, this increase in pressure is also observed in
tne early phase )f the bleed for the rase shown in Fig. 11. Figure i1
also shows a drop in the base pressure rratio for a higner stagnation
pressure of the bieadincj jet (or a largor h eed par iam-r , i ) ýqh ch
corresponds to the 1 oq cond it ions, wi th in the Regime 1I. A detoi ledItreamIine plot doesnd inilat Pthat some of the bleed f.)hW CAn pe`(Irat.P
the downstrearn reg io.n of d i) i(her 'ressujrE ( see i (]. u2) i ur: e I

O<hrs the case 01 h o. 1 ion pres sre -at he r he he

II-_____!_



stream becomes a plumminq jet.. This is ohbviously the flow condition in
Regime Ill. The base pressure increases dS the stagnation pressure (or
the static pressure) of the jer is increased. A detailed streamline
flow pattern of the plumming ,jet is shown in Fig. 14, The interaction
between the jet and the free stream resjits in a pair of recirculating
bubbles in the near wake. Many other investigators have also computed
the popular MICOM problem [18-201 within this flow regime.

For all these numerical comoutations, there is only the effect of mass
oleed if the stagnation temperature of the jet, T., equals to that of
the free stream, To' Should Tv - I the resu'tAs corresponds to the
combined influences of both the t~ass and energy additions. Such a
simulation can easily be produced by simply changing th~e temperature
boundary condition at the bleed exit.

CONCLUSIONS

A short review of the fluid dynamic aspect of the effect of base bleed
is given. From the inte'active study, it was observed that depending
upon the relative level of the stagnation pressure of the bleed stream,
its influence to the hb.se pressure ratio can be classified into thrce
distinctively aifferent flow regimes. The effect of energy addition to
the wake can also be extracted from a simple component analysis.
However, since the schemes of large scaled numerical computaticn of the
Navier-stokes equation became available, it has been shown that the
effect of base bleed can be effectively simulated by providing the
appropriate boundary conditions of the bleeding stream at the base. It
may be anticipated that the effect of combustion by bleeding fuel into
the wake may be interpreted in terms of the effects of mass and energy
additions. Again, when chemical reactive computer code is incorporated
into the present Navier-.StoKes solver, this phenomenon can be simulated
by simply specifying the concentration of various reaccive species at
the bleed exit.
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The ability to compute the base region flow field for projectile config-
iorations using Navier-Stokes computational techniques has been developed
ove• the past few years. This carability is most important for deter-,
miring aerodyrnmic coefficient data and in particular the total
aerelyramic ,Irag. The total drag as described in this paper consists of
the pressure diag (excluding the base), viscous drag and base drag
copiponents. At transonic and low supersonic speeds the base drag
component is the major contributor to the total aerodynamic drag.

The majority of base flow calculations to date have modeled the base
rejicn as a ilat solid surface. Many of the actual configurations have
som( form of base cavity. General opinion has been that the inclusion of
a hasz cavity or modifications to the interior cavity of a projectile
bo,,e would h,ýve little or no effect on the overall flight performance
p pa, ar2t:&-s. In addition to base cavities projectiles are currently being
oe~iq-ed which inc~u.,e Dase bleed and base burning.

The K36,1 basc burn projectile is a configuration of current interest andSincluifes both o dome base cavity and a base burn capability. A schematic
i.• shuw;• , igqu-e 1. The shepe of the 1864 is similar to that of the

rcia'cct imMRrovea 1125 which also contains a base cavity.1 Very limited
lata exists for the 1M864 and the effects of both the dome base and the
addition of base± bieed are rot well understood. Range firings have been
conldu,,ted for the 1,1864 with an inert base burn motor and active motors.
keductioas in base drag of between 30-50% have been found during the 30
secood rector bur -

A Na'ie .- S. ,'Aes computational study is in progress to determine the aero-
,lyr ;n,,j coJfi icients for the M464 both with and without base bIeed. A
f-it vase MK864 calculation was performed to determine the -lfect of the
Sa, vity'. tre uIse of Navier-.Stokes codes cin provide a detais,(I
descc#ipricn cf the flow fielid associated these config';rations as well as
n.. inteGratrd derodynamic coefficients. 'he Nork to date hi.s beer)

Icc cU ivhed us.- nq tn axi syM( ri c base f I ow (de. Numerical coinputa-
VW'Jo mai ened for a Moch number range of ,j % M, 2 I5. ;
;:cru• eu ' c rodynami c dr-a show a ddi In I redu cat i onr i Fthe , otau ae h

F-,,••:r theý dome configur,ý.io-,. Additiona! drag it :uct~on was found by
ihi,ccýJ Iinq c. Id ass addition in the Ia r-pg on, Furthier reductionl ini
d • rg a wjýas fot,,nd withi hot -.Tass ir~jeCtior-. O1_aii~tdtlwV: fe t r s Of thIC
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computed flow fields are presented in the form of velocity vectors, and
particle paths.

GOVERNING EQUATIONS AND SOLUTION TECHNIQUE

Governing Equations

The complete set of time-dependent, thin-layer, Navier-Stokes equations
is solved numerically to obtain a solution to this problem. The numeri-
cal technique used is an implicit finite difference scheme. Although
time-dependent calculations are made, the transient flow is not of
primary interest at the present time. The steady flow, which is the
desired result, is obtained in a time asymptotic fashion.

The time-dependent, thin-layer, Navier-Stokes equations written in strong
conservation law form for the axisymmetric formulation 3 are:

6 + 6E + G+ ..H . (1)
E ~6"r 6C ed

The general coordinate transformations are defined as:

C = C(x,y,z,t) - is the longitudinal coordinate

S= c(x,y,z,t) - is the near normal coordinate

T = t - is the time

The vector q contains the dependent variables [p, pu, pv, pw, el and the

flux vectors E, G contain terms which arise from the conservation of

mass, momentum and energy. Th,_ source vector H, inEquation (1),
contains terms which result from an analytic determination of the
circumferential flux vector given the assumption of axisyrmnetric flow and
constant angular velocity. 3 The viscous terms are contained in the

vector S which is seen to have variation in the C direction only. This
is representative of the thin-layer approximation.

SSolution Technique
The numerical algorithim used for, the solution of Equation (1) is the Beam

and Wa.'rminqý impl ici t, appTroximately factored, finit•-di fference schmme
which uses c:ettral diffc erncing in both 4 and 4 (Iii'ect io,,s. Code
improvements hbve been made to incl ude I varia ble t ime ste e, numerical
s''oothi nr• o)as d or) l :cal solution qradi, iits ajnd( code vecto-ization. Th e
B•a - a ri r] imPl icit a I ,) mthn has he en ,ise in various a. pi i r ations fur
the equations n oer-erc,! cur',i i nea'f coordinates. 1 he algorithm is
first-urtu:" cccurat.e in time incr second- or- fourth-order accurate in
space, Central difterence operators Fre employed; the alkorith! i producels
a, b ,ock tt idi ionrla systerm fc, each sojac- coordinate. [he roa i, (ý O o1Prti[ T(I

tional work is- ontained in the solktion of these block tridia(lonal
syc tems of Cnuations.

I l~mI
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To suppress high frequency components that appear in reclicns containiing
severe pressure gradients e.g., shocks or stagnation polnts, artificial
dissipation terms are added. In the present application, a switchingI dissipation model is used which is a hlend of second-. and fourth-order
dissipation terms. This is similar to the model used by Pulliam6 which
uses a fourth--ord~r dissipation in smooth reqlions and switches to a,
second-order dissipation in regions containing high pressure or density

I gradients. Incorporation of this dissipation model has resulted in an
improvement in the quality of the results and has made the code more
robust.

The axisymmetric code that solves Equation (1) u, s a unique flow field
segmentation procedure to compote the full flow I eld over a projectile
or a missile including the base region. The details of this can be Cound
in Reference. 7 For the computation of turbulent, flows, the two-layer
algebraic, Baldwin-Lomax, turbulence modelU is used over the projectile

* body.

BOUNDARY CONDITIONSI
The outer computational boundary was kept at approximately 12 body
diameters from the body surface. This allows free stream conditions to
be imposed at the outer boundary. At the downstream boundary extrapola-.
ted outflow conditions were used.

Viscous boundary conditions were imposed on the surface using no slip at
the wall. The normal momentum equation is solved at the wall for Pn0 the

normal pressure gradient. The free flight wall temperature is specified.
Using te time lagged pressure, the density at the wall is determined.

The base bleed boundary conditions initially used were as described in
Reference 9, where the bleed conditions are iteratively set. The current
boundary conditions do not require interation and follow from knowing the
computed pressure and flow field variable, at each time step. The bleed
boundary conditions are thus lagqed in time. The bleed conditions (pu),

and Toj are specified while pj - p1 is the pressure at the interface

boundary at time step n. The bleed stagnation pre•.,ure, po. is defined

and the bleed properties of pi and T. are known. By specifying the mass
injection rate as:

I pj.u .A

- u ,A b

the bleed Mach number" (M1 ) can be (ýire'.titlv solved vy.

/*.---~*-* -* - -* -----.

j( -I) a2iF

M2 I - ----- ----

I /'I 1

I 1 /. ... ..

I



BOUNDARY CONDIT IONS

where Ab arid A , ,r., the, area of ihe •os, and hced opening respectively.

Using isentr, )ýc relalions the bleed sta(ynation pressure ý) and static

temperature T. can he calculated. (ivon the toeriipe',, -e and pressure the

density is computed and the boundary conriiti ons for tiie next time step
are obtained.

MODEL GEOMETRY AND COMPUI,. IUNAL GRID

'The computational model of the MW64 is shown in ý qu; 2. ýh to Is'es
of this projectile whicch ha',t, not been model: i exact:i,, are the te I on
the fuze and the rotating band near the oase. The rotating band wa
eliminated. The meplat was modeled as , hemisphere cap. TI e mnooni Inu e
is a combination of ogive and conical se-tions. The c,ylindrici :;ection
is slightly undercut, and the boattail loergiif. is 0.1524 caliGers 'r th ý r
angle. The general shape of the i iterna b 5, e cavity is shown 's a
dotted line on the boattail. Tne bas•e hK!rn motor is located internally
with the exhaust port centered on thW' no ,I axis.

The solution technique requires the discretization of the entire 71
region of interest into a suitable computational grid. The grid oute,
bounds y has been placed at 1,5 body lengths upstream and surrounding he
pro'rc tile. The downstream boundary was !)laced at 2 body lengths. Sinta
thr calculations are in the subsonic/tranisonic regjimfe, the computationa!
boundaries must extend out beyond ithe influence ol the body. This
ensures that the specified boundary cornditions ar, satisfied.

Figure 3 shows the grid generated over, he iroiectile body including the
base. It consists of 265 longitidinal pýin i r.ý and 40 poir:ts in the normal
direction. This is broken down into two secý inris: a body region, and 2
base region. The surface points to; each r-ui.0n ar ý sele':ted ijsing an
interactive design orogram. Each qriU I F o is tiien computel separate-.
ly using a hyperbolic grid generation proyru, Ii . igures 4a and 4b show
-n expanded view for both the flat and dome base ccfýi(Juratiion;. The
flat base grid was routinely gene, ated. However, due to the extreme
concavi ty, the (;rid for thu, dome base requi rnd an increase in the saiooth-
ing values used by the hyperbolic gnrid geerator as well as the addition
of a grid cell averaging technique,,

RESIJI TS

.A ofni l calcul at ions have ýiteen for both th , fl t. base and the
actt ali doed M864 witLhi arid without so h I rleed The Mach nru-,hi r rarge
(.011t[ed was 0.7 ,: M ?Swi th ýx 0'. ij 5 a< a anud Yb snow thr

(iriiti d u ' t orit y vectors i- the owke region for the flat, base and domed

-•ba,r. r ,pectively. -rn ef ,fect 0 thoI t oh o baia'., i, to gtenerate a seond,
low s.p,,ed rec r'culitior, in t0i r'e(•ss ed 'avity. ',h is rec ren u a! ion
hPbub)ble i! 1 , h e oposit e d ri rec. Io o 0 -o i ri irm, ' ry r i e ci lr tiiori t t.er qi.
Ilbhis ii .•igr:li t, lv di f f ronh t a. t m ,t :et u a-lat ioln patt ern t•iirid fio-

It h fldt base an( otherdie" base . f rqur-tir is

te(. p t a i iris i ll', o - C een [e4 " f rr-n i .e ' th (i10niW bd', W0 t! t I- ,.

Sio~i of Iiie k" 1,~ I a r ! 1i W1 d ar.~ r e:C



RESULTS

III in j/ •uA; was usco to vary the mass flow rate. !he computations to

(late have been for cold and hot mass "low, with mass injection values of
up to 0.04. Using the propellait mass and -a burn time of 30, secoods the
estimated Ij = 0.004. Although the actual -,ass I , rate varies over the

course of the trajectory, the present calculations were run to see the
effect on drag across a Mach number range. Figure 6 shows the computed
velocity vectors for the dome M864 with I - 0.01. The tddition of base
bleed has increased both the size and strength of the secondary
rezirculation region.

Recent ground tests have been completed for, the spinning M864 base burn
motor assembly. Pressure taps and a thermocouple were contained within
the base cavity. The temperature varied as ý function nf spin and burn
time. A maximum temperature level of 1700°F was obtained. A second set
of computations were run to see the effects of hot mass addition. The
results shown in Figures 7a and 7b show particle traces in the vi ci ,il y

of the base renion for the bleed gas temperature of 70°F and 170C°F
cases, respectively. The red traces are particles which originate from

I the bleed ejccLion hole. The other colors were released in various parts
of the flow field. The effect of temperature is rather dramatic in
changing the recirculation pattern within the base fIow field. At the
lower temperature, the bleed gas is shown to be captured by the recircu-
lation region near the base. As the temperature is increased, all of the
bleed gas moves dowi.stream. The higher temperature cives rise to an
increased vaIocity and thus ari effective increase in the mass injection

I parameter. The resultant effect of temperature on total drag is shown in
Figure 8. The increased temperature shows a net reduction in drag across
a range of mass injection rates.

Figure 9 is a plot of the computed drag coefficient, CDo, fo, the flat

b,:c~ and dome base with and without base bleed. The computed drag
coefficient is the summation cv the pressure, viscous and base drag
components. The results show a decrease Jr, total drag for the dome base
configuration for all Mach numbers. When thp base bleed is initiated a
further reduction in dra3 is evident.

Recent tests performed in the BRL Transonic Aerodynamics Range have pro-
Ivwded some limited draq data1  for the M864. This ecperimental data isI Isc shown in Figure 9. The experimental data is for the M864 without
base burn using an inert hurn motor. The computed re.ults arc in gener-<,i
Sagreement at the supersonic velocities, however, in tne transonic and
subsoric regions, the comparison is poor. The underprediction of the
drag in this region has been '•ioticed before cnd at present I ick s a full
expilanation. ("rid refinement studies, I urbul ence modeling and alternatt
;solution techniques ire currently in progress.

CONCLUDlING RI MARKS

Numerica l comiputatiorns ý-tve been pu rformed fol r the rIý64 pro, ecti le- at
supersonic and 1 ransoni speeds. The addition no ba- ýI, bleei with a doimJe
ibase cavity has also he• computed. Additional results were. also
obtained for, hOt mass adnjition.

The, compute,! draq coeff i.ient,, shovqed ari overal 1 decrr -ise in dri.g hb•tween
the flat and dome base corifigul atlon. An additional (:cr'eesosý- drdl was



CONCLUDING REMARKS

found for cold mass flow addition at the base. Further- reductions %"'-reI
found for hot mass addition. A comparison of 'the computed drag a'o
Inmited experimental, data, for a case with no base bleped, indica, a
fai r acir eement at the suiper-sonic speeds. As th(-. Mach number approachei
M =1 and into the subsonic regime, Cie comparison becomes poor. Grid
refinement work and alternategsolution techniques are currently being
er~iplo~yedl in an att~empt to provide more accurate solutions in the subsonic

and transonic area.
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FIGURE 5a. Velocity vectors in base region for' flat base M864,

M = 1 .4, c- = 0'
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i A MODIFICATION OF THE MODIFIED POINT MASS
TRAJECTORY MODEL FOR BASE BLEED PROJECTILES

I by

Drs M.M.A. Hasselaar
Royal Netherlands Army
Directorate of Material

Material Test Department 1I
1. INTRODUCTION

In the 1970s the RNLA expressed the aim to extend the
Artillery range to 30 km. The most obvious way to achieveI this goal is to increase the muzzle velocity of the projecti-
les. Therefore a charge 9 and a new 155mm Howitzer were
necessary.
Another approach in the range extension project -was found in
the field of exterior ballistics. In particular the aerodyna-
mic performance of the projectile in flight has been
improved. Therefore a new 155 mm projectile has been
developed in the late 1970s. This projectile, the HE nr 123
is a slender boosted shell with nubs and a base bleed grain.
For an illustration of this projectile see next page.
By means of a mass flow at the base of the projectile, the

I base drag is reduced with as consequence a range increase of
about 20 %. A more detailed description of the base bleed
effect will be given below.
In the standard Nato MPM trajectory model, (for more details
see section 4) an aerodynamic pack is used in which the drag
functions depend on the Mach number M only. For base bleed
projectiles this does not hold any more; the MPM model must
"be modified to describe the reduction of (base) drag.
Therefore a base bleed burning model has to be included.

* 2. BASE BLEED EFFECT

The base drag as a component of the total drag arises from
vortices and turbulence in the air. These vortices produce a
lowering of the air pressure behind the projectile. The base
bleed effect can be described as follows. An introduction of
a mass flow at the base of the projectile leads to a local
rise of the air pressure and this results in a reduction of
the base drag. As mentioned above, this reduction is not
solely dependent on the Mach number. The mass flow of the
base bleed grain, for example, must also be treated as an
explanatory variable.

I
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3. EFFECTS TO BE
MODELLED

The most important
effect we want to

-< . •model is the base
"I , drag reduction above

mentioned. Of lesser
Simportance is the

mass reduction of the
projectile. A simple
theoretical parameter

Sanalysis has shown
Sthat effects like for

instance changes in
the center of gravity

S.. can be neglected for
ballistic purposes 2 .

4. MPM MODEL

The classical Point
gob Mass (PM) model is a

2-dimensional
trajectory model (XY-
space) in which the
projectile is
treated. as a point
mass. The forces
considered acting on
the projectile are
Drag and Gravitation
and Coriolis (only in

...... .X and Y direction)
-- due to the rotation

of the earth. There
FIGURE 1. THE HE nr 123 are a number of .

factors the PM model
does not deal with.

The most important ones are the yaw angle of the projectile
and its spin. We may conclude that the PM model is not
capable of matching all flight data.
Therefore a modified 3-dimensional (XYZ-space) trajectory
model is developed: the Modified Point Mass (MPM) model'.
Apart from the forces considered in the PM model, this model
considers for example Magnus force and Magnus moment due to
the spin of the projectile and Lift force caused by the yaw
angle. The result is a rather large aerodynamic package for
the MPM model containing several coefficients determined from
windtunnel data.
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I The equation of the projectile acceleration u in the MPM
model is given by:

I u= D4 L + Ma + G + Labda, (1)

where D, L, Ma, G and Labda represent respectively the
acceleration due to Drag, Lift, Magnus, Gravitation and
Coriolis.

The Drag-function D is given by

D = 1o.(Cdo4C, (Q.•x) 2 ).v 2  (2)

where do is a constant, a_ is the yaw angle, v is the
projectile velocity, Cto is the total drag coefficient at
zero yaw and Cd.(Q.a.) 2 is the yaw of repose drag term.
The trajectory equation must be solved numerically. Often the
predictor/corrector algorithm is usedi for this purpose 3 .

* 5. MODEL DESCRIPTION

Consider the total drag coefficient Cdo:

j Cao = C1b + Cor + Cc. (3)

We distinguish three different components; base drag,
frictional drag and wave drag. The burning of the base bleedI] leads to a reduction of the base drag coefficient only. We
define the base drag factor for a projectile with working
base bleed as equal to the base drag factor for a projectile
with inert base bleed minus a reduction factor, so

cr = (cký) • - sc k (4)

I The reduction factor 8C.. is not only dependent on the Mach
number M; it is also dependent on the mass flow uiv of the
base bleed grain defined as the mass reduction per time unit.
A general form often used for the reduction factor 4 is

6Ca.(M,mf) = C1bo(M)[ 1 - exp(-j(M). mnimn)], (5)

where j(M) is an empirical function of the Mach number and in
is the quantity of displaced air by the projectile per time
unit (air stream).

We have now reduced the problem to the modelling of the mass
flow ffi since all other factors are known or can be fitted.I
6. PRESENTATION OF THE BASE BLEED BURNING FORMULAS

At this stage the base bleed butning model can be describedI] completely. We have chosen a model in which the base bleed
burning proces is to a large extend based on the geometry of

I"I!______



the grain. The burn direction is assumed to be perpendicular
to the exposed base bleed surface according to Piobert's Law.
Given the instantaneous burn distance sk,, of the grain, it is
possible to calculate the burning base bleed grain 6urface
Ot, and the remaining base bleed grain volume Vol,.,.

This remaining base bleed grain volume is sufficient to model

the projectile mass reduction mr simply by

mr = {(Volib)m - Volha}..g, (6)

where r, is the density of the grain and (Volxk,)&R- the
initial base bleed grain volume.
Of course the instantaneous burn distance can be determined
by the burn velocity vk according to

= + V b.At (7)

So we have reduced the problem to the modelling of the burn
velocity vt. Static tests have shown5 that the burn velocity
can be given as a function of the pressure in the base bleed
unit p,-. The modelling of this pressure p.ý is crucial. It
depends on the undisturbed air pressure p and the burning
surface 01. We assume the following relationship, based on
Vioille's Law:

pw' = bo(p/101325)bl + b2.0bk (8)

Since we have found a relation between the total time of
burning of the grain and the spin of the projectile we define
an effective pressure p, that depends on the spin of the
projectile (S):

pv = pw- + b 3 .S, (9)

where bo,...,b 3 are parameters to be estimated.

The burn velocity is given by

vb] = co.(pg/l01325)--, (10)

where co and c, are known coefficients from static tests 5 .

Finally, given these equations the mass flow is determined by

me O- , -.O V (11) 1
To illustrate the application of the model: livn the start
values of sk•, Ox, and Volbj, we are able to calculate vkt by
equation (9) and (10) and the mass flow mr by (11). Finally
the base drag reduction is given by (5). The next calculation
step can be started by using (7).

M MIM I =I



1 7. PARAMETER ESTIMATION

After this description of the model, the next problem is to
find correct estimates for the parameters bs, i=O,...,3. We
can obtain these estimates from static and in flight test
data on the total burning time of the base bleed grain. This
can be done numerically using (7)-(10). Right here the
problem ot underidentification occurs. That is, each time
four parameters have to be estimated. from one measured
trajectory.
Next we have to estimate the empirical function j(M) in (5)
by comparing Ca data from projectiles with working base bleed
and CL data from projectiles with inert base bleed. These
data will be available in the very near future when the
results of the rounds fired in the type classification
program of the HE nr 123 are available.

8. CONCLUDING REMARKS

The RNLA has developed a model in order to describe the base
bleed effect described in section 2. A base bleed burning
model is included in this model. It is based on physical
considerations. The total burning time of the base bleed
grain is not treated as an input variable but is calculated
by the model. On the other hand, the modelling of the base
reduction itself might seem arbitrary. We have based our
functional relationship on literature 4 and make use of a
fitting function j(M). The parameter estimation has not yet
been completed. The complete model incorporated in the
original MPM-model describes the trajectory of the projectile
accurately. Its first application will be the production of
the firing table of the HE nr 123.

LIST OF SYMBOLS

X •. yaw angle
I b- parameters to be estimated
c1 known coefficients
Cto total drag coefficient at zero yaw
C,(Q.a-) 2  yaw of repose drag termIC. base drag coefficient

frictional drag coefficient
wave drag coefficient

5C•, base drag reduction factor
D acceleration due to drag
G acceleration due to gravitation
J(M) empirical functionS L acceleration due to lift
Lamda acceleration due to Coriolis
M mach number
Ma acceleration due to Magnus
m- displaced air per tinte unit, airstream

I
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mf mass reduction per time unit, massflow
mr projectile mass reduction
OkýL exposed base bleed grain surface
p•* grain pressure
P. peffective grain pressure
Q yaw drag factor

density of the base bleed grain
S spin of the projectile
" sk~k burn distance
t current time
u = v-w projectile velocity w.r.t. earth-fixed

coordinate system
u projectile acceleration
v projectile velocity w.r.t air
vx-k> Vburn velocity
-•Volk remaining base bleed grain volume
(Volbb)L.. initial base bleed grain volume

w wind speed
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I mA Model of the Axial Drag Coefficient for Base Bleed
ProjectilesI
Nils Bartelson *)
Sven Linde *+)
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SI SUMMARY

The axial drag on a projectile is usually expressed in
terms of the axial drag coefficient CD. For a conventional
projectile CD is often regarded as a function of the Mach
number only. For base bleed projectiles, in their bleed
phase, ballistic range data indicate that some factor
beside the Mach number has a significant influence on CD-I It is reasonable to expect that the ambient atmospheric
pressure is one such factor.

We attempt to relate, in an empirical way, the drag of a
base bleed )rojecrile to the geometry of its trajectory and
the state of the atmosphere. The relations are not derived
from physical principles - our approach is descriptive and
statistical. The purpose is to summarize observations -ýf
flight performance in a way that permits us to predict a
trajectory from its initial conditions and from a picture

* of the atmosphere.

We propose a functional relation between the Mach number,
the ambient atmospheric pressure and the drag coefficient
(Section 2). Its parameters are determined by a regression
procedure based on time-of-flight recordings from a Doppler
radar instrument. In Section 3 we apply the model to a set
of experimental data. It proves caliable of reproducing CD
estimates along trajectories of widely differing shapes. As
a side effect some light is thrown upon the extinction of
the bleed charge (Section 4). It turns out to be a more
drawn-out process than is often assumed. We report on a

* Furusundsgatan 12, S-11537 stockholm, Sweden! *+ Studsv~k AB, Studvik Data, S-61182 Nyk~ping, Sweden
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verification of the model in Section 5 and also touch upon
the problems of modelling the transition from active to
inert base bleed. In Section 6 we exemplify tne use of the
model by studying how the shell temperature will influence
the burning of the base bleed charge. We conclude, in
Section 7, that the model may be used as a tool for the
construction of fire control equipment and ballistic range
tables, and also point out some areas for further investi-
gation.

1. INTRODUCTION

Artillery ammunition has been in a state of rapid change in
Scandinavia for several years. New ideas have emerged and
enough funding has been received to result in significant
improvements in range and precision.

Ballistic measuring equipment has been developed by a
Danish company, OPOS Electronics AS; new methods for
analyrs lng data live been formulated by the Royal Swedish
Navy t )gether with the National Defence Research Institute
and Studsvik AB.

This paper is concerned with long range ammunition. For the
designer of a long range projectile the main task is to
keep the drag as low as possible, thus increasing the range
or deoreasing the time of flight.

The axial drag on a projectile depends on the shape,
diameter and velocity of the projectile and on the physical
state of the ambient atmosphere. The shape dependency is
usually expressed in terms of a few dimensionless aero-
dynamic coefficients, in particular the axial drag coeffi-
cient C For a conventional projectile CD is found to
depend Painly on the projectile shape and the ratio of the
prcjectile velocity v to the local sound velocity in air,
a. The ratio v/a is referred to as the Mach number.

In the early stages of the development of what is new
called base bleed amnunition it was found that the simple
relationships which are good approximations for a conven-
tional projectile, were no longer valid. It was concluded
that experimental resources and manpower for modelling were
required to study .is phenomenon. A reliable tool was
needed to predict trojecto.ies for the design of fire
control equipment and for the calculacion of range tables.

The objective of this paper is to formulate the problem and
to propose a solution, given experimental data.
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SI The tools used are of two kinds, namely:

- Doppler radar records from the firing in Sweden of
slender-bodied 120 mm and 155 "n ammunition with
inert and active base bleed,

Si computer programs written at Studsvik AB identi-I[ fying the drag function from recorded radar data,
atmospheric conditions, gun elevation, the mass of
the projectile and its loss of mass during time of
flight etc.

we attempt to relate, in a simple, empirical fashion, the
drag of a gun-fired base bleed projectile to the geometry
of its trajectory and the state of the atmosphere. The
relations are not derived from physical principles - our
approach is descriptive and statistical. Our purpose is to
summarize observations of flight performance in a way that
permits us to predict a trajectory from its initial condi-
tioxs and from a picture of the atmosphere.

The proposed ballistic model is th- aerodynamic point mass
or modified point mass model extended to account for base
bleed effects. It should be possible to identify the
parameters from observations at the proving ground using
ground-based instruments. The model should be accurate
enough to serve as the basis for the design of range tables
and data to the fire control equipment for a specific
projectile design. We do not aim to model the burning of
the base bleed charge or the dynamics of the injection of
mass into the base flow region.

The essential results of the study were published in a
Studsvik report [1].

2. FORMULATION OF THE PROBLEM

The theoretical basis is the aerodynamic law and its

proportionality factor, called the drag coefficient.

The drag of a projectile is usually written

D = A p CD v 2

where

A is a reference area
the air density

CD the drag coefficient, in German literature
often denoted CW

v the projectile velocityI
I
I
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In the aerodynamic point mass model the drag coefficicnt of
a conventional projc.ctilc is usually royarded as a function
of the Mach number only. Experience from the proving ground
indicates, however, that this simple model does not gene- I
rally apply to base bleetd projectiles in their bleed phase.
The C curves reproduced in Fig 1 testify to this. They are
estimRted from two sets of trajectories in quadrant eleva-
tions 20 and 50 0. The average distance between the curves
is large compared to the standard deviations of the esti-
mated CD's, at most 0.001 for 1.3 < Mach.< 1.9.

Some factor beside the Mach number has evidently ha,' a
significant influence on the drag coefficient. It is
reasonable to expect that the ambient atmospheric pressure
may be one such factor.

Thus we are led to consider a functional relation of the
form

CD(M'P) = u(M) + X(M) P

where

M is the Mach number I
p is the local atmospheric pressure
r a reference pressure

u} are functions to be identified

The reference pressure is introduced to improve the nume-
rical properties of the estimation procedure. The main
reason for using the relative deviation from the reference
pressure as a predictor is to become independent ofpressure units. The form chosen is essentially a first Iorder Taylor expansion of CD in terms of p.

Next we have to describe the unknown functions u and X with
a reasonably small set ot parameters. Since we have no
physical theory to indicate a suitable functional form, we
have chosen u(M) and ý(M) as cubic spline functions with
knots to be prescribed by the analyst. The knots will be I
denoted

xi, i=0..n for 1(M),

The end-rr>int conditions fcr the splines are chosen to be

("(xO) = u"(xn) n 0;

- 0.

,•"(Z ) = •"(z,) I

I
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H Now let
b 0  = u(x 0) bn+1 = 9(z 0 )

b = U(Xn) b++ = (z

I be the regression parameters.' By the theory of spline
functions we construct a linear estimator

n+ +l
CD(Mp) E a (M,p)b.

j=0

The a.'s are functions of the local Mach number and atmos-
pheriý pressure.

I At this point it is appropriate to remark that our use of
spline functions to express u(M) and X(M) is one of several
alternatives. We could as well have chosen a piecewise
linear function or a Lagrange interpolator of higher order.
The advantage of the spline functions is their inherent
smoothness.

In practice the same (time, space) data will be used to
estimate both M and CD. So M is a stochastic variable with
a certain dispersion, and p is of course not known exactly.
Moreover, M and C are not independent. The deviations of M
and p propagate tB the carriers a.. However, we expect M,
which is essentially a first deri 4 ative of space data, to
be less contaminated with noise than C which is essen-I tDtially a second derivative. Also, small errors in p willnot influence the carriers too much. Thus it seems reason-
able to choose the common least squares criterion to find
the regression parameters b., i.e. to minimize the sum of
squared deviations of the o~served CD s from the estimated
ones.

3. APPLICATION TO EXPERIMENTAL DATA

Our first approach is to apply the assmned model on tests
conducted at Torhamn and in the isle of bland, Sweden, in
October 1984. 36 rounds of a 155 mm projectile were fired,
11 of which were inert to provide 8aselinS drag data. The
quadrant elevations ranged from 18 to 70 . Occasionally
data will be taken from a second set of experiments con-
ducted with a 120 mm projectile at the Torhamn experimental
range in April 1985.

The projectiles were tracked by a Doppler radar system.
Recordings of (time, space) values were processed by a drag

/I
/I



analyser program providing tables of M, p and C for 35-65
time of flight points dispeirsed along each trajectory.

A few rounds have been omitted from the data set. Observed I
C values for one such projectile are shown in Figure 2.
F~r illustrative purpose, although prematurely, curves of
estimated C 's for inert and active base bleed are dis-
played in tRe graph. It is seen that the ignition of the I
base bleed charge was delayed and that the bleed effect was
reduced during the first five seconds. The range to point
of impact was 18.0 kms for this round compared to an I
average range of 18.5 kms for similar projectiles fired in
the same elevation. No omission from the experimental data
has been accepted unless a suspected malfunctioning of the
bleed charge was confirmed by a deviation in range.

The regression analysis for inert projectiles is based on
data from 11 trajectories comprising 321 observations. The
C estimator was a spline function with 12 knots in the K
r~nge 0.7 < M < 2.3. The result is sunmarized in Table 1.

m I
Table 1
Estimated CD function for inert projectile

M CD s devS~I
.700 1619 .0059
.850 1689 .0023
.900 .1713 .0030
.950 .1946 .0031 U
.000 .2910 .0013
.050 .3068 .0009
.100 .3026 .0006

1.200 .2937 0005 I
1.400 .2764 .0004
1.700 .2528 .0005
2.000 .2338 .0006
2,300 .2145 .0025

The standard error of estimate is 0.0036, 1
The regression analysis for active base bleed is founded on
flight performance data from 22 trajectories for which I
(M,p,CD) triplets have been calculated at 771 time of
flight points. Three trajectories were set aside for later
verification of the parameter estimation. For u(M) a spline
function with 6 knots was used, for 2(M) a spline function I
with 3 knots. I

Ii
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The first question to be asked is whether the model is
appropriate, and, in particular, if the addition of a
pressure term improves the fit. Its significance can be
assessed by an analysis of variance (Table 2), in which we
test the hypothesis

H 0 : X = 0.

Table 2
CD regression

Analysis of variance

H Source Sum of Degrees of Mean Mean square
squares freedom square ratio

Regression

mean 21.76161 1

u(M) 0.0)415 5 0.00083 64

X(M) 0.00923 3 0.00308 239

Residual 0.00982 762 0.000013

Total 21.78481 771

U The last column is the ratio of the mean square to the

residual mean square.

The mean square due to regression cn X should be compared
to the residual mean square, and its size is found to be
quite large. If the hypothesis is true and under some
additional assumptions on the normality of the observa-
tions, the test variable for the component X, i.e. the mean
square ratio, will have an F distribution with (3,762)
degrees of freedom. The probability of a value > 239 is
small, indeed. However, we do not wish to stress this
formal aspect too much, since little is known about the
distribution of the original data.

Anyhow, this exploratory data analysis indicates that the
hypothesis H0 : X = 0 should be rejected and that the
pressure term is significant.

I The estimates of the regression parameters are shown in
Table 3.

I
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Table 3.
CD components, active base bleed

s dev s dev
of u(M) of X(M)

1.1 0.1745 0.0027 0.0096 0.0038

1.3 0.1797 0.0006 0.0151* 0.0015

1.5 0.1707 0.0003 0.0192 0.0009

1.7 0.1663 0.0003 0.0209* 0.0010

1.9 0.1650 0.0004 0..0207* 0.0020

2.2 0. 1612 0.0022 0.0484 0.0056

The values marked by asterisk are interpolations, not
actual regression parameters.

The standard error of estimate is 0.0038, close to the
value obtained for projectiles with inert base bleed. This
may be regarded as another indication that the model is
appropriate.

The CD, u and X functions are shown in Figure 3.

Standard deviations of the parameter estimates are low, as
a rule. They do not, however, tell the whole story. A
glance at the correlation matrix reveals that the para-
meters defining u(M) are loosely coupled, as are those
defining X(M). But correlation between the two parameter
classes may be considerable, indicating that the problem is
not so well conditioned as one might wish.

The degree of ill-cond4 tioning depends on the experimental
design. To some extent ill-conditioning is inherent in the
physical situation on the proving ground. All projectiles
set out at a high Mach number M, close to the muzzle, and a
high atmospheric pressure p, at ground Level. As they
proceed to altitudes where p is lower, the Mach number will
also decrease, broadly following a common pattern often
tempered only by differences in elevation. Information from
other regions of the (M,p)-plane, e.g. combinations of
large M and low p values, is missing.

A somewhat better design is achieved by reducing the muzzle
velocity for some rounds. The pattern of observations from
such ar experiment is illustrated in fig 4.

The effects of ill-conditioning may be puzzling to the
beginning analyst. The values of t!(M) and ,,,) may be
rather sensitive to perturbations in the observed data and,
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I Bnot least, to contamination from extinct base bleed.
Nevertheless the fit is quite good, as a rule. Therefore
the method outlined here is not reliable to determine, say,
&C /6p but is quite useful to predict C for those p and M

:• values which occur in ballistic applications.

Three trajectories were excl,ided from the set used fori regression analysis; thus they may be regarded as new and
independent experiment8. Thgse proj 8 ctiles were fired in
quadrant elevations 20 , 35 and 50 . We will compare theIsC ' obtained from these trajectories with the predictions

the model. As a by-product this provides an opportunity
to study the extinction of the base bleed charge.

In Figures 5-7 are shown, as functions of time,

""ithe predicted CD for inert base bleed,

the predicted CD for active base bleed,

- the observed CD values,

a confidence band within which the observed C 's3are expected to fall with 95% probability.(1)D

It is seen that up to a certain point in time the observed
C_'s fall well within the confidence band. This is true for
a~l the three trajectories, which span a wide range of
elevations. So the new experiments verify the model and
confirm the significance of the pressure term.I

I
I

(1) The width of the band must not be interpreted as a
measure of the uncertainty of the estimated C 's.I The confidence interval for the outcome of a Pew
experiment is in this case much wider than that
for the "true CD", at the same confidence level.
This is just an instance of the familiar rule that
the outcome of any one experiment is more variable
than the mean outcome of, say, ten experiments.U

U
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4. THE EXTINCTION OF THE BASE BLEED

The point where the observed C<'s depart from the predicted
values coincides with a rough R priori estimate of the
burning time of the base bleed charge. The graphs show,
however, that the extinction process is slow and continues
for 6--7 seconds. During this time interval the actual Co
values will climb gradually from the low active base bleed
curve to the higher curve for the inert projectile. We deem
it necessary to take the gradual change-over into account
in trajectory calculation programs. However, no such I
program is available to us, and the best we can do is to
define an extinction point somewhere in the middle of the
extinction interval and use a trajectory program that
assumes the active C curve to be applicable up to the
extinction point, after which a sudden rise to the inert
curve will take place.

5. VERIFICATION OF CALCULATED RANGES

Using such a C model we can calculate trajectories and
find for instaRce the points of impact. Two questions
arise:

How sensitive is the calculated point of impact to
a perturbation of the assumed extinction point?

How does the calculated range compare with the
observed one?

Since range cbservations for the previously treated tra-
jectories are not available, we have to introduce another
projectile design including also a new type of base bleed
charge. The material as a whole comprises data from more
than 20 rounds.

Figure 8 shows the change-over from active to inert base
bleed for a 120 mm projectilefired in a quadrant elevation
of 30°.

The bleed is seen to be more sustained ani the rise of the
C curve steeper than in the previbus cas2s. Nevertheless I
tRe extinction process is extended over 5-6 seconds.The
data for the trajectory shown in the graph was not used for
the regression analysis; the round can thus be regarded as I
an independent experiment.

From the graph the midpoint of the extinction interval can
be roughly estimated at 29 seconds. In order to study the I
sensitivity of the calculated range to this estimate we
have performed trajectory calculations with the extinction
point set to 27, 29 and 31 seconds.

I]
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I The ranges obtained are shown in table 4.

STable 4
Range sensitivity to Fostulated extinction time

Extinction Calculated range, ra
time,s

27 2543"7
29 25580
31 25740

The mean observed range for five rounds was 25539 m. It is
evident, that the positioning of the assumed extinction
point has an influence on the calculated ranges which is
far from negligible. The fact that it also depends on the
trajectory geometry further complicates the task of tra-
Ij ectory prediction.

I 6. INFLUENCE OF BASE BLEED CHARGE TEMPERATURE

The influence of the bleed charge temperature on the C
function has been studied for 155 mm ammunition. TypicalI
results are shown in figures 9 and 10.

Figure 9 illustrates the CD function for a projectile fired
with the bleed charge at -40 C. It is seen that the CD
values lie on the upper edge of the 95% confidence band;
the low temperature seems to retard the burning. Figure 10
shows the opposite effect. At 60 C the bleed charge burns
rapidly and the actual C turns out to be low. The burning
is not sustained, howevep.

Since this point is outside the scope of this paper, we
summarize our conclusions:

* -the influence of the charge temperature depends on
the composition of the base bleed charge,

in the studied cases the influence is far from
I negligible,

- if the actual bleed charge temperature may differ
widely from the normal temperature, the influence
must be given as corrections in the fire control
and the range table.

I
I



/. (iONCLUS TONS

The experi.ments and analyses reported in this document
indicate strorongly that for slender bod~icd base bleed
armmunit-ion the drag coefficient C cannot be represented as
a function of the Mach number onilk. Itt has been demonstra-
tel that an expression which is essentially a first order
Ta •r expansion in the ambient pressure, provides a means
of ptedict:ing tne CD value in a trajectory point where the
Mach number and the atmospheric pressure are known.

For ballistic applications a few consequences are obvious.

For trajectory calculations for range tables, in
the fire control etc, the influence of atmospheric
pressure on CD in the bleed phase must be taken
into account.

- The transition from bleed phase to inert phase may
be of considerable length; some kind of inter-
mediate CD function is required.

_ Means are needed to find, for a particulat tra-
jectory, the beginning and the end of the transi-
tion period.

If the bleed charge is to be used at widely
differing temperatures, the influence of this
temperature on range, time of flight etc must be
recorded in range tables and programmed into fire
control equipment.
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E F F E C T O F G R A I N CHARACILRIR STICS

0 N R A N o, E O F A R T I L L E R Y PRO JE-CTILES

W-1 T H B A S E B L F E 1)

Slobodan Jaramaz, Milojko Injac
Military Technical Institute, Belgrade Yugoslavia

Abstract In this paper the basic points of mathematical model

for determining range of artillery projectiles with base bleed

are presented. After verification of given model by comparison

computational results with experimental data, calculations ef-

fects of some characteristics of base bleed on range have been

carried out. The range dependance of given projectile on number

of gra'n segments, burning rate, internal diameter and grain

length are determined. Presented model can be used for selecting

characteristics of grain that will give the maximum range of pro-

jectile and for decreasing number of experimental testing for

determining that characteristics.

Nomenclature

a burning law constant
Ab - surface of projectile base

Ag. - area of burning surface
Ai surface of base bleed orifice
Aref - reference projectile surface

B - constant given by equation (15)
b -coefficient in burning law
CO - total drag coefficient

CDe, - projectile base drag coefficient during burning of

grain
ACa - decreasing of projectile base drag

CDO - projectile total drag coefficient without working of

base bleed
CLIM - constant in equation (10)
CK - quantity given by equation (10)

D - drag
dý - diameter of base bleed orifice

du - internal diameter of grain
e - burnt web of grain at time t
ec - total web of grain
ej - burnt web in the first phase of burning
e,2. - burnt web in the second phase of bý,rning

I - impuls defined by equation (6)

ILiM - limited value of impulsI j - experimental constant
k -- specific heat ratio of burning products
1 arc coresponding to the angleIz grain length

Il

I
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- mass flux of the air at the base of p'iojectile
-- u m! -mass flux of burning products from burn inq surface
M molecular weight of burning products
M, - Mach flioht number
n - exponent in burning law
N n- umber of grain segments
0 - burning surface circumference
pý -pressure in base bleed
PC - base pressure
R - externai grain radius
r - burning r'ate
Sr, - internal grain radius
R4 - grain radius at the crossing of burning from the first

into the second phase
-R9 - gas constant of burning products
t - time
tj - vorkig time of base bleed
tZ - ignition delay
-Tý - burning products temperature
SV. - projectile velocity
xi - half distance between grain segments
y - geometric parameter defined on figure 3
2_ y - geometric parameter defined on figure 4

0 o• - angle at time t defined on figure 2
1 - half ange of projectile afterbody

b •o - grain density
- air density

1. Indroduction

Increasing of range of artillery projectiles by base bleed
unit is the subject of many theoretical and experimental investi-
gations in past few years [1,2,3,4,5,6,7,etcJ. Projectiles with
base bleed increase their range as a consequence of decreasing
their base drag. Base bleed unit blow burning products of grain
into recirculation zone behind the projectile and increase pres-
sure in it Effect of increasing projectile range is in so much as
expressive as the fraction of base drag in total drag is bigger,
that is, as the projectile is of better aerodinamical shape.

Selecting of geometrical and physico-chemical char'acteristics
of grain of base bleed is the basic problem which should be
solved during the design of such projectiles. For that purpose
in this paper the mathematical model which enable selecting of
these characteristics is developed. Special attention is dedi-
cated to the affect of some grain characteristics (shape, dimen-
sions, burning rate etc.) on the expected range.

2- . Mathematical model

The mathematical model, developed in this paper is based on
the engineering point of view on selecting of grain characteris-
tics In continuation of this paper, the basic points of mathe-
matical model conected with the general considerations about
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problem, determininq of pressure iin base bleed unrIt, chanqing ofi
Sburning surface as a function of burnt web and procedure for
range caIQulation are given.

3. General considerations about __r1obLlnem

For the projectile trajectory calculation difeiential equa-
tions of projectile motion according the modified point mass tra
jectory model are used [9). As a consequence of existing base
bleed unit, in the equation of motion projectile drag given by

2HDC) 2 T
relation is chang2d. During the workin time of bas.,e bleed unit
(tg), drag coefficient is changed for CC1 : t. e.

On that way the total drag coefficient during the time tg is
given by relation

CC = o 3)
"I - iDC 3

In general case base drag coefficient for the projectile with
base bleed is function of several parameters:

C r aB -ý ( M .11,1 , T , A , -, ý , .. M. )( )
From the equations (2), (3) and (4) it is obvious that for

determining value of Coit is necessary to know values for CDO ,
Coaoand CpB. Assuming that values for CDO and CoFo are known
from theoretical calculations, windtunel or firing testings, the
relation for ACDis [7]

AC DC D , ) (5)

Impuls I is given by equation:

Here mass fluxes r; and i(, are

_ r A,ý (7)

A ('8)

In the expression (7) burning rate r is a function given by:

I In relation (5) j is function of Mach number, t. t, j =
f(Mý ) and its value is determined from firing testings Wh'le for
f ir st approximaton data for j can be taken f rom [7) and .

From experimental results it could be seen that when impuls I
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is bigger that some limited value., eFfect of base bleed is decre--
asinq. fl.'.ed or that fact in expression (5) exists parameter
CK which can be defined as [L7]:

-- 2 (10)i~~~~~ I -LI-Mz ,,.

dConstants 1I,1 and C•im should be defined foT every projectile.
For instance, for projectile 155 mm ERFB/BB these values are:
'ILIl = 0. 007 and CL;im = 0. 25 [7].

From equations (2) through (10) it is obvious that decreasing
of base drag 4C), in general case, is complex funiction and for
given projectile it can be expressed by relation []J)

For defining 6Coit is useful to consider theoretical calcula-
tions instead of using only time consuming and expensive experi-
mental testings. We'll first consider the way for determining
impuls, t.e, the pressure pg in base bleed chamber.

Pressure in base bleed chamber

Pressure in base bleed chamber is defined using the equality
of mass flux of burning products through the orifice and mass
flux of gas formed due to the grain burning. Mass flux of gas
due to the grain burning is given by expression (7).

Mass flux of burning products thrugh the base bleed orifice
is a function of ratio of pressure on projectile base durig the
flight and pressure in base bleed chamber. For the case when the
following inequality is satisfied

flow of gas from the chamber is subsonic. *Then the mass flux of
burning products is given by equation

When the inequality is not satisfied flow of gas from the,chamber

is supersonic and mass flux is defined by expression

Mi (14)

In the expression constnt B is defined as:

It should be emphasized that occuring of supersonic flow in
the orfice is undesirable phenomenon for increasing the range.
The supersonic flow make impossible recirculation of burning pro-
ducts behind projectile and increasing of projectile base pres-
sure. This is the fact which should be given special care during
the selection of grain characteristics.



Equalizing mass fluxes mi and 'i we get the equation for thE'
pressure in the base bleed ciamber which is solved iterativly,

-Chanqog_f ra.in burninqjsurface as a function cF burnt web

Existing base bleed grains have a cilindrical shape with cer..--
tian number of segments, External and end g;'ýain suifaces are in-
hibited so that burning is performed on internal surfaces and
slots. Wiew of one grain with three segments is presented on
figure 1.

I
I non ihib ited

surfaces inhibited
surfaces

I Figure 1. View of base bleed grain

I Number of grain segments can be different and change of burnt
surface as a function of burning web will be given for the case
of grain with three segments. Given relations are valid also for
grain with N segments but in the next relations value for angle

60 should be replaced with value of 360/(2N) and number of in1di-
vidual elemen's of burning surface is also function of N.

Cross section of grain with three segments is given on figure
I 2. A

Al

E

I 7

F4 F

Figure 2. Grain burning phases

I In general case grain burning is performirn in two phases.
Each phase has its own shape of grain cross section. At the be--
ginning of the first phase grain cross section is composed from
three equal segments with contours ABCD. Circumference of cro->,

I---_ _ _ _ _ _ _ _
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section of burninq surface for one segment at some moment of
first phase is composed from two straight lines o'O'" and C'D' and
arc B'C'. At the end of the first phase arc D'C' and angle '/ (t)
disappear. At the begining of the second phase circumference of
cross section of burning surface is composed from two straight

Slines b E and EF. At the some moment of the secund phase cir-
cumference of cross section of burning surface is composed from
two straight lines G'E' and E'F'.

Burnt web thickness KA(e) at the some moment at the f irst
phase should be equal to the thickness AG(Figure 3). Then it

f o 11 oWS: SC<
Se --( Y- t L' n ( 6 o'-- zs- ) C I16.)

From equation (i6) it follows that the burnt web thickness in
the first phase is:

.- ,Ln (6 0 - ( 1

I -S_ n (600 •-

The first phase end occur when cý= 0. The total burnt web
thickness in the first phase is:

r-o kn 600- X'

I-Sin0

0

--
Figure 3 First phase of burning

We should calculate the circumference of segment crosi., sec-
tion at .ne moment of the first phase. The height ME: at the tri-
angle LMN is the mean oeometrical value of LE = R + (x 4 + e) and
EN -. R -- 4 +e)

A 2)

9,<.4 -, (
From the trianqle AOB it follaws that sin(60-- )

Then ,- 60o- aT'cS r '-1-"-n f? leside thatSr:,:, t



I-- .--e. -( r',~ ) cs(ro0e) {6. -(oe cs• ' QO)
/ PA 0E 'IUrET. E. (r t) 2( (r,+e cos(6e' 2) (21)

The arc length AJ is

o60e

Now, the circumf:erence of grain cross section in the first
phase is given by expression:

Iý ) - , - C. (23)

The area of grain burning surface of length lz is:

A3 O~r (.ý) [ ( 2-4)

From the figure 4 it can be seen that the total thickness of
burnt web in the second phase is:

_e (R- R.,-) ki'n 600 (05)

I '1__----

* IL '
-I

Figure 4. Second phase of burning

In the last equation R is radius on which arc disappear from
the cross section profile and this radius is equal

Here e,, is given by expression (18).
By the prucedure similar that which is applied 'or burning in

the f irst phase we get:

2 -~ -) O- (p I ½ ,,ý ( ,0

It should be emphasized that the second phase of grain burn-
--ing of this geometry need not cccur depending on dimensions and

- I __ __ _ _
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number n+ ý- eorjen Cs Then the contour of grain segment cross sec-
tior ci riCv nu 'hoie time oý burning is composed of straight lines

and tjhe ar'(

PTOC~ti Ure .Clr' deter' minin ~r angeI

For vet-e;.mninir~q decreasing of projectile base drag coeffi-
c ient d U T ng th a grTa in burn ing i t i s nec essary to know severalI
different quantities First, we should know qLantities which areI
dependant on projectile design characteristics and characteris-

tics of grain ite. aerodynamic coefficient as a function of Machn
number, J = f~M<Ž), and values of ,~ CLIJ ' a, b and n. These

quantities wer get from experimental testings in wind tunel and
clossed \/(-ssel, firing testings and theoretical calculations.
For trajectory~ calculations it is also necessary to know Values
for I For calculations p9 it is necessary to equalize equationI
(7) with equations (13) or (14) depending on condition (12).
Because oF nonlinparity of these equations calculation is per-
formed itprativly with checking condition (12).

The caiculation procedure is given on figure 5.

LEnter V0,GO,
gra'in characterist.

1ý - I
M A IN Eqain

ACO pressuresj

range, time, etcI

Figu) Lre t' SheflaitiC Tepresentation of the CalCUlation procedure

Deca,.,e th.ý? calculattort procedure is iterative, t h i end 0 fI
butr ni 1~ rrqe , ached tjh~en the web given by the next expression is
b urn t



I

S r fl P\ r- C, ~A (4F 9
I

The time of grain burni also calculated from the expression
(30)

The iterative procc-ure can be presented on the following
way

a) assume p k pd

b) calculation r a 4- I pn
c) calculation e = dr/dt
d) calculation Ag = f(e)
e) impuls calculation I = m 9 / m
f) calculation of decrease of base drag A CD -f(I)
g) base pressure calculation pý = p, [I - kM_ (C D I
h) ratio calculation pL /
j) calculation pL by equations (13) or (14)
If P p pA 1 <.a the iterative procedure is finished.

If this condi ion is not satisfied we repeat steps from (h) toS(j). After the calculation of burnt web we perform the calcula-
tion of next step until we don't satisfy the equation (30).

3. Effect of__qain characteristic on range

For determining the effect of grain characteristics on range
of artillery projectiles with base bleed program, based on the
mathematical model which basis is previously given, is subjected
to the verification by comparing its results with experimental
data for one real projertile. The basic data for projectile and
grain are:

Pro __eu.t I I e

Caliber i55 mm
Mass 46.04 kg
Length 661 mm
Muzzle veiocity 897. 4 m/s

Elevation 50

I Grain

Number of segmeNts 3
Mas. 1. 045 kg
Length 0 0717 m
Exen ldaee .17Internal diameter 0.0435 m

The difference between realized and calculatf-d projectile
maximum range is 0. 09 % which shows that this wiy uf caiculation
of the range of projectile with base bleed is eriough reliabl" and
convinient fc), deteTmining the effect of girain characteristics on
rang e.

We'll consider the effect of next grain cha. acti-risti5:s

. number of seqments
- burning Tat"

I - internal dl,•meter

I-__ __ __ _
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- length

lbtside that we'll] coisider and effect of the diameter of base
blepe orifice and delay o-F grain ignition, For ali these consi-
Jerations shape of arain will be cilindrical with slots, external
an8 end grain surfaces wiil be inhibited and external diameter
will retained constant.

Nu!.,ber of segments. Number of segments was changed from 2 to

12. The dependance of range on number of segments is presented

on figure 6. From the figure it can be seen thAt maximum ranges
are realized with grains which are composed from 6 'cao F segments.

For given grain dimensions oath burning phases occur when number

of segments is greater than 5. Increasing range with grain

X (k rl)
40.51

40 .
39.5

39

2 3 4 5 6 7 8 9 10 11 12 N
Figure 6. Range dependance on number of segments

consisting of 6 seqments co-npearinn with cnmmr'n grain number of

segments (3) is 750 m Or' about 2%. Effoct of the others grain
characteristics on range is defined fo-, graiTs with 3 and 6 deg-
men t s.

Burninn rate. Btrning -ate reflects ef ect of the qrain
chemic.l cLmp!,sition on T'angp, For the grain wiith ccmmon compo-
sition constants in +he burning law have following values: a
0 00077 m/s, b = 2. 12 10 m/(sPa), n - 0. 61 Thp P4'ct oc' 'um

ing rarc on the range is defined by changing value of a which re--

flects the effect cf exotermic reactions which take place beneath
burning surface at low pressures. The dependance of calculated
range on the burning rate for grains with 3 and 6 sLqmeTts is

given on the fiquie 7. From thE figure it can bL sino1 th-Iat

change a for about Iv0% increase the range for the gTain -oj h 3

r;.(nts fur 1370 m (3. 5%), and for the grain with 6 segments for

435 m (I I A) At given conditions the dependanre of the rar, g? on

______U________



* X (kmn)

40.5 N- 6

1 40
N- /

I N39

N 38.51 , , , ,38)

Figure 7. Range dependance on burning rate

a for the grain with 3 segments has ever increasing character and
for the grain with 6 segments this dependance has maximum.

Internal diameter. The dependance of rane on the grain
internal diameter is presented on the figure 6. For the grain
with

X (kM)f

4 0 1=6

40-

HI N----
39 5-1,• • --.

30 35 40 45 50 75 (u(mrn)
Figure 8 Range dependance on grain internal diameter

3 segments the change of grain internal diameter f-r'nm 7 03045 to
0.05655 m (85. 77) givec decreasivng of range for about 49?0 P.
(1.2%) and for grain with 6 segments the some chance of in.+LrnalI __
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diameter gives decreasing of r~riqe for about- 105 fn (,-. 6%).

LegDq~th._ The dependance of range on grain length for grains
with 3 and 6 seqments is given on the f igure 9. The chanpe of
gra~n

41, N= 7

401Z =

/X

384
Fiu 59 9 R 6 70 80 90 17(M M)

gourN Rang'e' dependance on grain length

X(kM);

40

30 35 40 45 di (mm)
Figure 10. Range depenidance on diameter of base bleed orfice

length from 0.0502? to 0.0932 m (85.77,) gives increasing cF range
for grain with 3 seqinents for abo,,.t 3400 m (8.6A), For the giain
with 6 segments the some change of~ grain length gives increasing
of rang~e b~3400 m (8 4%).
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D ia m e+ oe F. b _se bh Ieed orTili ice P LE 4:fec:t; of the base bleed or-
ifiCe oTI range is given on the figure 10. With incr'easin• the>
d diameter of base bleed orifice the projectile range is deci Peas--.
ing. So f-or the grain with 3 segments the change of diameter of
base b Ie Pd or i f Ice f row 0. 0435 on 0, 03 115 m ( 28. 5%'-) ~iv es in(r e-,

Sasing ofe range fo'r about; 200 m (0, 5%), and f:or the grain with 6,

- seg ment~s the9 some c:hange of diameter gives increasing of r angqe
for about 1.00 m (0. 45,,).

Delaeq of2 grain ignition. The range dependance on delaq of
grain ignition is presented on figure H1. For grains with 3 and

"1 40

"39. 
6

S\I 39 -

38.5+

I 4

1 2 3 tz(S)

Figure It Range dependance on grain delay

6 segments ignition delay of 3 s gives the decreasing of range
for 1600 m and 2200 m, t. e 4 and 5. 5% respectively. These 're-
sults show the significance of successful working of base bleed

4. LYnclusiuns

On the basis of previo sly said it can be concluded

1 . The developed method for range calculation of artillery
projectiles with base bleed enables determing the ePfect
of babic grain characteristics on range

I
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,.,, .i l.e method it is possible to perform selection of
i:,. .. ',K,*:•,, g n charat teristics and decrease the number of
eyxrM, 'ntal testings for their determing.

3 ,i ýh? basis of considered effer-ts it is pointed on thr
rar'.; - it) wh ch the caracteristjcs should be kept.
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I l)IS(,'JSSlON FOR TWO IMPORTANT PARAMETE-RS OF

A BASE BL.EI, PROJECTILE

PROF. XIFU GUO

l)ept. Engineering Thermal Physics & Aerodynamics.

East China Inst. of Tech:ology NANJING. CHINA.

ABSTRACT

"The burning rate of a propellant and the igniiiou time of an Igniter aic two important parameters
of base bleed projectile. They are greatly concerned with the extended range and the dispersion
of the pmroele. So far there Ls no reference related in determining the two parameters theoretically.
In scientific practice, however the two important problems have been urgently needed to be
solved.
Firstly, the paper presents the significance of slecting the .urning rate of a propellant, the
relationship of the physical essence of reduced drag of the bai. bleed between bleed parameters.
The one-sidcdnees of analyzing the effect of recuced drag with the burning rvze as a mark
has been analyzed, and to analyze throuhgly the ef,,,:t of reduced drag of the base
bleed, the concept of the impulse of reduced drag rate :. presented. The pronciple selecting
the burning rate is to achive the max;mim rate of extended rate on condition that the launch
parameters of the projectile are fixed aad influnce of the spinning effect of the
projectile is considered, or, the burning rate when the maximum impulse of reduced
drag rate is gained is defined as the optimum.
Secondly, two principles of determining the igition time of the Igniter are given: the time
of the igniter is no less than the time of secxU ignition time o" propellant; the range dispersion
caused by dispersion of second ignition time Joes not affect the overall range dispersion of
shots. Based on these mentioned above, fonoulation of determining the ignition time of igniter

have been devloped.
Finally, examples are given on how to dete-mine those two parameters. This paper provides
theoretical basis for the optimum design in tie development of base bleed projectile, these
formulations have been used to analyze and design, and show satisfactory result.

1. DEfERMINATiON OF BURNING RATE OF PROPELLEU V OF BASE BLEED PROJECTILE.

1 1.1 Presentation of Question

In the course of designing a base bleed projectile, we often reference the burning rate obtained
to select and design the burning rate of this projectile. This method lakes the absolute magnitude
of the burning rate as a basis, but does not cotrsider the specific structure and launch condition
of the base bleed projectile, therefore it is not all- round. Based on the base flow character
of the b•se bleed projectile and the reducing dyg mechanism, this paper describes the selection
principce and specific method of burning rat. of a base bleed projectile.

1.2 Significance of Selecting Burning Rate

The burning rate equation of the base bleed propellant isI
I
I___ _ _ _ _____ _ _
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FIGURE 1. S&: ema~ic illustration of base t~ow with base bleed
r, = a + a (I),

where r f ----burning rate; a,, az-burning equation coefficients; a3---exponent of bUrning
equa,'tion,; P 1---- pressure inside the base blced motor.
The gas of the base bleed propellant exhausts Into the base 'dead - air' region with
very low vclocity, so that ttc base bleed pressure could be raised and the base drag could
be decreased. We measure operation of ejecting gas for raising base presisure with mass flow
m it its

M rp f~A f(2)

where p r ---dcnsity o base bleed pmopellant; Aw-- burning area of the base bleed propellant,
as shown in Fig. i, after the gas ejects into dead a . region, the flow state in the
trailing flow region could be changed, so that the dividincf streamline of the dead air region
could be extended. flow deflection angle could be dimirir.ied, then the base pressure could
be raised and the base drag could be decreased. However, the overall effect on raising the
base pressure by the base bleed is related to the state of trailing flow region without base
bleed. When the structure of the projectile is sl:-cified, the state of trailing flow region is
related to the stat of boidary bayer of afterbedy and the Mach number ch incoming flow. The
larger the Mach number of Incirning flow, the larger the deflection angle of dividing streamline,
the lower the base pressure. Therefore, the base ejecting gas could change the state of flow
in trailing flow region, extend the dividing streamline an2 decrease the deflection angle
if the mass flow would be increased, As spantd above, the effect of base bleed on increasing
base pressure and decriasing base drag depends on not only the mass flow in of the bleed
but also the state of flow in trailing flow region without bleed, in other words, it depends
on M-, v-p , We measure the overall infdluence of the two factors with the bleed parameter
1. It is defined as:

= -- p----(3)

where A b- -- base area of the projcctiled p dnsity of incoming flow; v-i ----
velocity of incoming flow.
Relationship betwecn I and Pb is shown in Fig.2
It is known from above analysis that tha effect of' bleed is expressed by m. It is
re-ated to not only rr but also p r and Ar. But overall effect of bleed on raising the base
pressure dcpcnds on the bleed parameter I. Therefore, we could gct the following conclusions
1. Only if the structure and launch paraneters of projectile, as well as the character
of bleed propellant are the same, it is signif!ant to consider the effect of burning rate on
extended range and compare with each oik.h,
2. For projectiles with different structure ( including base bleed unit m fbleed propellant and
launch conditions, it is not appropriata f o conipar burning rate. For example, there
are two base bleed units, the burning rall i f one unit is 1.2 mmi/s, the burnihg area is
Iwh mm 2, the burning area of other p eit ie 200 mm. If their other conditions are the same

vclocty o incmingflow
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FIGURE. 2 Base pressure vs bleed parameter

and they both keep the same tý and I, then the reduced crag effect of the second projectile
would be the same as that of the first one, but It, burning rate Is only 0.6mmn/s.
So, it is not all - round to simply compare the burning rate and not to consider other conditions,
even it is possible to make mistakes In design.
3. It is reasonable to compare the bleed effect wlthtthe value of I In any case.I
1.3 Selection Principle of Burning Rate

The sclection principle of burning rate should be, in the condition of certain launch parameters,
the overall effect of base bleed along the overail trajectory Is to obtain the maximum extended
range rate. Launch parameters mainly Include the Initial velocity, and angle of
departure. Thcse two parameters influence the velocity. Mach number, air density and pressure
along the trajectory, that is, v., M.p- and p. At up leg, with time Increasing,
v-, M- and p- would decrease. Since M, Is changeable along overall trajectory, so that

the drag coefficient is changeable along overall tyaje::tory. MN. would Influence the
effect of reducing drag.
At up leg, in the process of the projectli, fling towards th.: apex of trajectory, air pressure
dcreases. Since the base bleed Is subsonic flow, change -f ambient pressure Influences the
change of the motor pressure. When the former de,:-.ases, the latter also decreases.
So, the burning rate is reduced.
We know that

S rn,

p~. b

At up leg, p -, v- decrease gradually. If the change of burning area of the bleed propellant
is not large that is, the change of m is not large, then in the process of projectile
flight, the value of I would continuously iucn'ases, the value of pb/p- would be reduced,
so that the base drag would be increased. In the process of projectile flight, if we change
the burning area, so that, and in p-, v-, Ab would be changed, but we make the value
of I always be ( pb/p- ) ... , in other words, 1- 1,,, then, we can gain the effect maximum
extended range. The burning area formula which satisfies this condition is:
. . ..r .- ý const
p •v o•A b 

4

A f r . b

SSince j,-/ p rand v-/rr all decrease, I,,Ab is cons,'.nt, Ar &-:creases gradually. That
is why we design the burning area of the base bleed propellai~t which reduces along

the trajcctory. At the trajectory, it' the value of I has sonic change, in order to get larger
extended range effect, we must keep I is adjaccnt to 1,,.

I
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FIGURE 3 Base drag vs flight Mach number

For the bleed propellant with certain weight, the burniog rate is related to the burning time
of base bleed unit. The higher the burning rate, the shorter the burning time. The
lower the burning rate, the longer the burning time. The combined influence of base bleed
on the extended range rate is concerned with two parameters, they are the reduced
drag rate and burning time, as shown in Fig.l, the burning rate influences the base drag
and burnirg time. Its combined influence on extocnded range rate is not certain to be large. In
order to express this influence, we use the concept of Impulse of reduced drag rate. It
is defined as:

sx, b R (5)Rf t "i dt (5)

where R.- projectile drag without bleed, R,-- projectile Jag with bleed; tb- burning time.
Substitute drag expression to Eq, (5) we gat

S~r f 'Rdt (6)

0

where

C[ C -- D, (7)

R C D

CQ- drag coefficient without bleed. CR- dra.: Lrzfficient with bleed. In approximate calculation,
we set

~ ~. (8)
SW I RCP tb

w tacP n 

(

or we take integrated average value

ft I Rdt

KlCP -- t (0
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In cInpar ison with schemes, it' SR I reaches maxim II Inl, then, this scheme is the
optimunm one obtaining the n.aximnum extended range effect. In the sage of scheme demonsiration
and initial de.sign, the influence of the sipn li fcct must be considered in Welcting the burning
rate. The influnencce ot spin onl burning rate is related to the structure of base bleed
unit and qpin velocity. For general spin stabilized projectile, the spin velocity may increase
the.: bUilning late ullXur thirty Ircr.nh. In a Aord, the principle of selecting burning rate could
be expressed as the following: under the condition of specific projectile launch
paralmueters, considering tie influence of spin effect, we acquire the burning rate corresponding
to the maximnum extended range rate. Mathematically, it can be expressed: we gain
the burning rate wh ch corresponds to the maximum impulse of reduced drag rate SRI

1.4 Method of Determination of Burning Rate

Method of detennination o burning rate may be conplcted 5y using electric computer program.
In order to understand the calculation procedure clearly, we explain it step by step:
1. Determine the launch parameters of projecitlej ( I ) Initial velocity; (2 ) AngleI of departrure- (3) Structure of projectile; ( 4 ) Wright of projectile.
2. Determine the structure of base bleed untl initially: ( 1) Structure size of base bleed
unit; (2) Propellant weight; (3) Propellant structure and burning mode; (4) Propellant
density.
3. Calculate ballistic elements and meteorolegical elements of base bleed projectile by
given parameters.
4. Calculate rh from point to point along trajectory.
5. Calculate I from point to point along trajectory.
6. Calculate pt,/p---I curve.

7. Calculate curve of base drag coefficient ýs M or t,
8. Calculate curve of overall drag coefficient vs M or t.I 9. Calculate SRI.

10. Calculate the overall range.
11. Compare schemes and determine burning rate.
Example.
Suppose: projectile length 900 rmm, boattail length )0 mm, projectile diameter 155
mm, base diameter 145 mm, projectile mass 43.5 kg, initial velocity 827 m/s.
Sructue of b .- bleed propellant: two segmcnts, radial burning, outside diameter of
the base bleed unit 120 mm, inside diameter 45 mm. t_ using procedure mentioned above,
obtain the optimum burning rate correspoding the maximum range, which is between
1.8 mm/s and 2.0 mm/s.

2. DI-TERMINATION OF IGNITION TIME OF IGNITER OF BASE BLEED PROJECTILE

2.1 Presentation of Question

IThe propellant of base bleed projecitle Is i(,nited by the gas with high temperature and high
pressure in bore of a gun. When proiectilc leaving the muzzle, pressure rapidly drops from
hundreds of atmospheres to one atmosphere, hlie burning propellant blown out is
possible. In order to ensure the propellant ignition, we install igniter inside the baseIblcd unit,. I can ignite the propellant once again outside !he gun tA.b to make the propellant
burr normal. This is so-..called sccondary igriaion. Basecd (i exterior ballistics and dispersion
theory of shot, this paper discusses burning time f igniter as well as theory and
roeCthCAd which are used to (etermine the dispersion scope of the secondary ignition timne of
propclla_ t.

2.2 Prine;pl e of Ditcrrninat ion of Burning 'Ilirne of the [gniter

I



TABLE1

E.i) ( __ 80 100 150

ti ( s) 0.35 0.4' 0.57

Ft- t ( s-) 0.05 0.063 0.094

The principle of dctermination of the burning time of sgniter is:
1. aSsurm that the propellant can be ignited reliably; 2. decrease the influence of secondary
igntiion time dispersion of the propellant on overall range dispersion as small as
possible. In view of the ignition burning process of the propellant of base bleed
projectile, the burning time of igniter must be not smaller than the secondary ignition time
of the propellant, otherwise, the propellant can not be ignited once again. That Is not assure
that the propellant can be Ignited reliably. Suppose the maximum secondary Ignition
time of the propellant is tb2,, , the minimum burning time op the igniter is t,,,, to assrue
that the propellant is ignited reliably, there must be

timia t> tb2.. (I)

Because of the propellant composition, the pressure inside the base blecd unit, performance
of igniter, environment conditions and dispersion of initial velocity, the secondary
ignition range has certain dispersion. In order '.o decrease tie influence of secondary ignition
range dispersion on overal! range dispersion, the Igniter should assure that the
secondary ignition range dispersion fo the propellant basicauly does not influence the overall
range dispersion. Suppose the secondary ignition rang, is xb, average velocity in scope
of Xb is V,, the secondary ignition time is t~2, then
X b C= v t b2

Ax =bAv tb, +Atb V(P

Suppose the probable error of average ,,cloity dispersion is E,,, the prohible error of secondary
ignition time dispersion is EtbF the probable error of secondary igniion range
dispersion is E~b, then

Eb = It E )2 -(v F )2
Elb v Wp E b2

Foim calculation, we know

(vy E )2, (t 2 )

Therefore when considering the secondary ignition range 6L pcrsion, we only nled to consider
tthe secondary Ignition time dispersion. That is

17b -v 1bE (12)

2.3 Method of Determination of Ignition Time of Igniter.

Now, bask-i en two above - mentioned principles, we determine the ignition time of igrni.ir.r.
1. Determination o. maximum burning time of igniter
StLIPpo.SO the average value of the secondary ignition time of the propellant is tL,, probable
error of !he secondary ignition time dispe-,3on is E,. So, the maximut1m 'gnition time of
igniter I, is
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FIGURE 4. Photograph wi'h a burning igniter and inert propellant and photograph
with a burning igniter and a barnig propelhant

ti + tbp i- 5Etb2 (13)

where

tb2i 
(14)

n - number of round; tb2V- secondary ignition time of the i - th round, i= 1, 2,--., n.
2. Determination of secondary ig ifition time dispersion of propellant
The probable error of the o' .rall range dispersion of shot is EL. It can be expressed
as follows

E2 2 +2

SWhcre F- the range probable error of gun. Ex b-the range probable error caused by the
secondary ignition range dispersion of propellant. Since the range of base bleed
projectile is related to the drag coefficient G,. that is

X -" fI(C D) (16)

When the ý,econdary ignition time is differect, the drag coefficient is also different. That

C f -(t ) (17)

The relakififhip between the probab!e error Fub of the secondary ignition time of ;,ropciant
ari1t the range probab!c error E, Is

-II
I-... . ,



L
II

FIGURE 5. Co--x curvw.
Point b is the secondary ignition location of ;he propellar.I

aX aCD

Eh aC° t b (18)

aX ac D thsesivy
where ac.. the sensitivity factor of range on the drag coefficient; - - the sensiivity

oD 2tb

factor of drag coefficient on the secondary Ignition time. Suppose E,,tb-O.E., it is ensured
that E:tl, does not influence ET. Substitute It into the formula, we have

E O'EX (19)
aX ___v

aC atc

The formula ( 19) can be used to calculate the secondary ignition time dispersion,
After determination of tactical and technical targets, overall scheme of gun system is
also determined. E., aCD re all known. Thus, we can detcrmine Etb by

*C are,

the formula (19).

2.4 Calculation of ax and
JCD ab

ax
1. Calculation of ac

a, Method based on ballistic equations

Using the motion equations of the prolcidle, and taking C[, to change: one Unit, we

can calculate -X

b. Method based on correction coefficicnt I
Il

I

-I



The expression of ballistic ccefficient c is

c =....d -. 10 3I Gwe can get

aX axd201CD aCC G (20C

U
where -- - the corrctio coefficient of range on ballistic coefficient; (I - pi'ojectile dianicter

!1 - projectile weight: CD.- drag cocfflcient un'Ier the condition of standard projectile.

2. Calculation of Ith
we know

CD -= f,(M), M = f 4 (t,)

So,
aCD aC ) aM (21)

atb aM at b

By using the above formula, we have two me.hods to c ,:ulete
aCD at..

a. D~irect calculation of' D-a

Lased on the aerodynamics of projectilc or experiment, we can get CD' -M curve. By using
ballistic equations we can calculate M--tb at traiectory, thus we can get CD--tb curve. From

this curve we obtain ac r t
DC am Ct

b -Calculation of a , _b . recalculation fat -

By using ballistic equations we calculate M- t and O'

recalculate acD

S2 5 EXalnples

Snprx].sc dia meter of' a base bleed proicctile d= 15511m its eight GC 45Kg. initiai velocity
voý 950M /s, departure ang!L U P= 45" , fgligt up 1(,g tinie t,= 46s, when rarige

proDble error EW= 8Oin, A(hn, 150m find the maximum bunri :g time t i of igniter and probably
cIror of its dispersion, Ett,. Using above - mentionm methods we gct t. and Elb as
shown in ble

U 2.6 1)cterininatiu. of Secondary Ignition Range of P opellant by 1'pcriment

1 MclIh>t. using simcar ca:nmrai At the side of de,.paruttuc line, amonng ine di:-tnce of 50 -- 60 in, begin with 10 in frem !hie
At'/le, wC e•cute ica r carncras At 10 Wn ihteCval, By conmpawi:,on uI photogfa phs one with

a bLirltIg ij'nitar and an .iert propcllant and ti1_ other wi!h a burning in
propellant, we can determine whe ther t ,h onecmd-try ignition of the propellant would
<ltir 1\ Ž.,on i t ig.4, a ;s the photogruth onlv with bu,,rningt ignitcr, b is te phot'giaph

I



with both bin :•in igniter and burninp propeilant.

2. Mcthod ,. ng Dopp!,r radar
Us a Doppler raiar to measure velocity c(f the base bleed projectile among the range about

U3 500m awly from the munie, draw the Ct-x curve, to the curve, detcmrinc the secondary
Snition distance of th propellant as shown in Fig.5.
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SA 'IW)--PIASE BASE BILEE'D 3•IE C.(tMISJ'ION M4)IDtL AN) PiS CALCUI.A[ION

Nan(-yan Wang
East. China Inst i tute of Pechlnol.ogy
Nanjing, P.R.C.

I I., i NTRODCTION

T'he total drag fo. -upersonic projectiles consists of shock wave drag,
viscous drag and base drcvg. The base drag is a nmajor cort r ibutor to the
total drag and can W0 as much as 50-70% of the total drag. Thus, it is
especially important to minimize this part-, of the2 drag. Base bleed. is an
effective omeans of reducing the base drag. 'Phe structure f the flow in
base region is changed by a smal.l. quantity of low speed gas injected in to
tt#-ý de.,ad--area.

The be2st revie-w about base bleed is given by Murthy et ac, I]. BtnTlan
and Clayden have reported their experimTental studies on supe_,rsonic flU,
over cylindrical afterbodies with gas injection in Ref. [2]. Recently Sahu
hos developed a new numerical riwthod to compute the base region flow using
Aziruthal-Invariant thin-layer N.S. equations, in which an iterative boundary
condition procedure has been developed i.o determine the !l!eed exit boundary
conditions. In Sahu's paper [3], the effects of solid phase fuel particle
in the exit jet, fuel enthalpy of combution and gas molecular weight have
not been considered but those factors have shown their very important
positions in base bleed function. Recently, Schilling has presented a simple
theoretical approach for base bleed calculations in which boat-tail and
burning equation of fuel are considered, but solid phase mass 2-atio, fuel
enthalpy of conbustion have not býen considered.

The present paper describes a new modul of base bleed wit.-h base c mbustion
in which exit area ratio, flight Mach numblr, chamber stagnation Leaperature,
jet gas molecular weight, solid mass ratio of exI t two-phase mixture .::as,
enthalpy of combustion -tc. haveý be-en considered. The predicted results
show general agreen-nt with the available expeririw'ntal, curves.

2. BA.,SE. BLEED GACS DYNAMIC w)DFL

For a corrron project-ile without bas( bleed function, th2 flow stream pattern

I
I
I
I



lcu tilO ti1iAi im~ I c 'ii iXv jitii 'y V,;kotcf 12d (,)it at- Tiqtkýi i l ocde d 0 1
I SI Le~ii dt(1 hy t.11( ' Iit kt)[ .1:eanifII i I ot' 1: X1 I tiS'u ou'i W . poteoit Ii. I flow.

CA l it ' s 1 ley b It ýy (A1. I .: Io( ti h) it ik : Iiit t hi 'rv is iii ij L-c~rýr sepua'-d i~ll

. I 'ciri. in (~XU t. i (1 t dll 'I area tii,1 Ule t ah19 iXt3( 0ilectio00 flatw 1 e ease
o", lb'- pi-oj(ýtwt.ili wi tb. bs u(1 ole .tlict jolt. So(e Fi~g. .- AL the end of
'.1y, dead uhei:( SI i1(: 5se i aujt oa A2 which is, IoL. equl tio z' ero, so LIdt
dead area Ixbel-is a hiol lo head-cuL curie.. The schlier-en photographsl trai

Ret f rwty support thLie stLat~enyur it aLxc e , see Fi g.2.

The secondary burnirig phenurmarion aro obs-.erved in "he tesus very aftLeti.
Solid- phase fuel iriai jl form mixed wiLL1 gas.-phase is burning along
Lhe Jet, path. Orne (,ant consider that dynamic.-- eqtJ.librjitn ha.sL lxen reached

atsoct ion A, , wbore. P,-P.~ , arid the burning of sal Lrl-pya'se fuel. 1 has been
cc"4llplted ai-reaidy.3

'laKinoC a control volurre bD.eCIw eeii s ion At aid sti ,oeFig-. 3
Gover-ning el uatioris as follows. COrrtiiiu-it.y eq[udi LOn

Mama tum equationI

P (Ab - A )P A1  27d~f r p.p(r)dr .: 21tf r r(x)dx - 2A 2  m 2 u 2  m I li C)

Energy equation

H40 -. 110 = ; All - 1lcat lost to surrounding (3)

where solid-phase mass ratio

"P7,/P (4)

P.m PS 4.pp (5)

'The- following equation can be easily trans 1e-red from Eq.( 1)
P. A. ____ _ + m'-

PA _ ___ __ - ___ --- ---- --- --- (6)
PAA2  ,, RTO2T0  im k 2. ~ 1

it is ob~vious that the gas-solid phase flow at section A,2 should be i-n a
oqulibriurn state, so that the following expressions can be quoted from
Re f. [71.

wl ore

R I= R/ (8I)

kCP

(Cp)g.



The %/ i(c , tu e'11im in I JI'( ( 2. ) hi S u h11 K 1Smc. I I (or- t .t11, I I ,1 C 110 17: prosls IL e U' I I1, So(
itIcim I wAf H. tit t .'( ) I Or, i m ti) lit lO t.io 101 ro.io tl.~ 1iir Yn, she pa~ra~t1 iol

tv rfi r x' ,0 ,uib os (101ve ('1 a S t~ra igjh[ i ir no r: the~ t inrw I X.inqj . A-s th.I'ro
oxist:. ptt'ri y )i rol iab].) m~t thods to ('St. wifllt 0rsuo dist T, i'hot iorn ill
aerodynartinos, su;Ich as shock c-xpans jot rivt.htod, -51d(t.Oris t. ic rTIVodx e t al.

,,-p, ( x ) in Eq. (2 ) can1 be assiured Of he UiiJ SO [I d . AIIK:r 19 t~hem, t he
fto 1-1ow ioI g eqilati-iol) miay be the s imp [jest. 0110 [8].

kP Al m 0ol
P a

it can horewrittLen as

±(. 4- 0.0008M)(Z 9 ( Ž) i
where.. A 2 A 2/ A I;A b=A /AI Th length of dead area L 1,L 2r1- ý
orpl-us sign chosen in Eq. ( 10) is dependent on whether A,, I-ess than. A,

or riot. For more g.ýnej.a]. casc, dci irre

2j r -P. P(r)d r(.1

r b -- r 2

P (r) Y 1*(L, Ab A,, M ) 12)

can be obtained by,. accurate ri-cthods whicti are availa~ble wherever inIaejro.'na-,mics. Then, Eq. (2) beccorý,s

41 Kb1J ~A2 , 4  2  2 A VJ

ICons L-der'n, aYŽsecif ic heat of gas-solid mixture [7 1

aix. aurruting the radiation lieat ioss to the surrovnd~ng -rrom the con-t~roJ
vojukm, Eq. (3) can -'e reŽwritteni as

T TK +C c (15)

The autriioris of Frost avaiiable pape.x-rs on -,~ bleed 1 ike to v,:,, injecLion

ari 1w -- il / ') 1--, ,',r os the atithor of the present paper. Aiter
5 0tLj3E, d~r ivat IOl, -W-D C a Otrl

r, ST 1 m

AI4 k



where 1< a .k Iro 0).287 kJ/kq K :ind t.4 (;4 rts1.x~ctAie.1 y tor air.

3. ýOJJUTION FI flQh IJAiORS AND) ADDI1TIONAL, PSSUMPI-01.QN6

There ex.ist. ri-vny s ~ni-ernpiricai expressions for est.imndting tly• base. pressurIe
w.it houtL ose bleedl, one of them 25, fron U.S lm-ty BRL in 198].

I _ 0 9-. M( (17)

'The cylinder length Ly , b -oattail shape and flighting Mach number are
considered in this expression. I
For this case without base bleed, then A2 = 0. If the contour of the dead
area and Mach number are given, taking iteration to Eqs (12), (1.3) and (17),
one can obtain the effective length of the dead area Le . For the case I
with base bleed, one can assume the contour of dead area will change only
in diameter, but not in the effective length. 3
According to FE.(15), one caen obtain the stagnation terrWerature of jet flow
at section A2 .

Since most of the base bleed structures so far contain a subsonic or sonic
nozzle, the pressure at exit section Pi is equal to the base presSure Pb •
As thex: exit Mach number M, is qiven, the parameters AV , pand Pb can be
solved by iteration method basud on Eqs.(6), (12) and (13). For the purpose I
of comparison with experimental curves, inJectio•, flow rate ratio I is
calculated by Eq.(16).

T'he whole calculating process has been completed by Program 9LEED. I

4. FXAMPLE 3
A projectile with 5 calibre cylinder without boattaAl. (C, )"=1..0 kJ/kg K,
C,= 0.7 kJ/kg K, surrounding temperature Ta 200K.

Following paran-eters have been corsidered as independont parameters in the
calculation examples: flicght Mach number M- , jet gas molecular weight. ,
total temperature in the charner Tot , solid phase mass ratio E , fuel
entha py of combustion A H, and base bleed exit area ratio X-b . The results
and the comparisons with experihints are shown as following in sequence.

4.1 The Effectsof Exit Area Ratio

Takn e = U, it maems that pure gas or no secondary burning is considered.
So that, T0o T02

Ab = 16, 8 an-d 4 have been accounited fo-., in thisE examp~le-. the length of
d•i• area L are obtained 10.296, 7.272 and 5.1.4 respcctively. The results
ar-e shown on Fig 4. The pure gas is H1 whose. molecular weight is 4, anid
totAl tevjperature T0D is taken 300K. Theý results of the wind tun-inel test
wIth a center nozzlti bh; ReLd and Hastings [2] are shown on Fig.5.
Although thety Cid riot give the, molecular %w-eight and temperature, one can
r.,--alize that the t. 2oret ical rm.•el wor-s well indeed. I

__ - -~ _ _ _ - ~ ., - _ _ _ I!



As the value of I is less than 0.003, theo effect f thl exit area On base
pressure is neglirgible, which agrees with the c-r, lus ion frcan IRef. [9],
(see Fig.6).

_T1w s.inilar curves can beC found frrom Ref. [I] (see 1ig. 62') and Ret .[4]
(see Fig.4).

44.2 The Effects of Jet Gas Wk).eculiar Weight

Two gases with nolecular weight 4 anld 28 respectively have been taken in
the examples. Taking A, 9, pure gas (r = 0), T9 1, T 0 2 = 300K. The
effective length of the dead acea, L - 7.73, is obtained. The nuterical
results are shown in Fig.7, from which one can see that the lighter jet
gas molecular meight will bring a better effcft of drag reducing under the
condition of flow rate I is not too large. Many experiment results have
been fou-nd to support this conclusion, The experimient curves fromn Ref. [2 1I are shown in Fig.8 ana 9.

4.3 The Effect of Flight Mach Number

Two cases have been calculated. One case is that there is solid fuel
particle unburned at the base bleed exit section, as well as the secondary
burning phenonenon exists. The other case is under the condition that all
the fuel is burnt out at the exit section.

Taking Ab = 16, To, = 3000K, T. = 300K, solid mass ratio • 0.5, fuel

enthalpy of combustion AlH = 2000kJ/kg, jet gas molecular weight u = 30.

Flight Mach number 1.1, 1.5, 2.0, 2.5 and 3.0 are considered in calculat-
ing. Bleed jet Mach numober is changed smoothly between zero and 1.0. The
higher the flight Mtch rnriber, the larger the absolute value of (9Ph / al) 1- 0
thi..t one can fin(K from Fig. 10-a. So that thc better effectiveness of drag
reducing can be accomplished with higher Mach nunber that has been pointed
out by wind tunniel tests.

For the other case, Ab = 16, Tot= T 02 = 3000K, jet gas molecular weight
A = 4. Four Mach numbers, 1.5, 2.0, 2.5 and 3.0 are calculated, tV.
effective lengt-h of dead area are obtained with 11.3, 10.3, 9.8 and 9.4,
respectively. Results are shown in Fig. 10-b.

Fig. 11 shows the wind tunnel test results, based on Ref. [9], in which
Mach number was taken between 0.96 and 2.525.

Alternative test results one can find from Ref.[2] are quoted in Fig.12.
Both Fig.10 of calculating and Fig. 12 of experinents show the sane tendency.

4.4 The Effect of Stagnation temperature in Burning Chamber

Taking pure gas with p = 4 and A, = 7, flight Mach nurabcr M. = 2, T. = 200K.
The stagnation temperatures are 300K, 1000K and 000K are considered
respectively. Fiq.13 shows the calculating results in which one can find
the higher stagnation temperature in chamber will bring the more effective
base bleed function that has been ýonfirmed by plenty of experinrtnts.

The pure Helitm gas test results with temperature of 290K and :3000K are
given in Fig.14-a. As neithe:r It- nuimber nor su-rounding tempjerature T,I

_____!_



is rejX)rtecd iri 1ef .[21, the Pe(i t |i.; ( )n with F'iq. H.1 i; l. iliit(d q i, 1l, it.at ivt ly, I
yet. it. is cY'lleral. ly sat. is:t i tc ry. l.ViVe ( ti 1. 1e itit t ,ilfl) t rT it.uv-es of le I iIal
ga;s Wmt'e t aken i i i the litestt of. whi 01 • se I(sults- I 're shown i;) lP i(. 14--.

4.5 Th'1'e Ill.ct..; of. soeI iOd I 'I1L( J"t' it !l i , i t- t i(.t>1 Mass Pattio 0 (1ld the itle I
Ent-hillpy of C(ml i ist io n A 11

'Pki ng t(he first. study about .h .cifeet. of- fuel padt icle mass rat:io. lii
the calculati ng, takitnq A. - l6, M,-, 2.0, chiLmaiberi stagnation teriixprature
2000K, Jeft gas ambolecular: we i (ht it .30, adi.ahat ic. exxonent. k, I-_ 1.3, fuel. I
eiinthlaL].py of combust ion All -- 3000k J/kg.

1TWo cases of solid plkhse mass ratio 0.5 and 0.8 are considered. The
results are given in Fig. 15, frcn which one can find that the increasing
of the base pressure will be more obvious for thxe, larger mass ratio case.
One can also find that the base pressure maky be higgher than surrounding
atmosphere pressure in Lhe case of certain large value or I value.

The next: calculat ion is for the case of alternative fuel enthaipy of
cxnbustion, taking stagnation temperature TO, : 1000K, and solid Ohv--e n.>__s
ratio ' = 0.5, and the rest underlying data saTre as before. Four cases of
enthalpy of combustion 1000, 2000,3000 and 4000kJ/kg are considered in the
calculating. (see Fig.16) The case with nigher fuel enthalpy of combustion
will be followed by better base bleed effectiveness.

Fig.17 is quoted from Ref.[10], whose author has done scme tests at No.2
wind tunnel at ECIT. It is obvious that the present theory works wil indeed.

5. CONCLUSIONS

A. A practical base bleed combustion moodel has been given. In the present I
model. the following factors have been considered: base bleed exit area,
flight Mach number, stagnation temperature in chanber, solid mass ratio in
jet, fuel enthalpy of conmJustion and jet gas molecular viigth etc.

B. In the case of small jet nass flow rate, the effect of exit area on base
pressure is negligibie. In the case of certain mass flowi rate, the larger
exit area will be followed by better base bleed effectiveness.

C. The lover jet gas molecular weight of a base bleed instructure will be
accompanied by a higher base bleed effectiveness. I
D. The acceptance of base bleed instructure is encouraged at higher flight
Mach number, in which condition the larger absolute value of (3P/)1_0
is obtained.

E. When the stagnation temperature in the chamber is rising, the high-
performance base bleed will be reached. I
F. Either high value of solid particle mass ratio E , or high value of fuel
enthaloy of combustion will promote the base bleed function.

LIST of SYMBOLS

A Sect ion area
CP Fuel specific heat
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II lhk at, entL•alpy ( k/kq)
All Iuel tent.halp'y of m:ofiust i.on (kJ/k1)I ~ n~jL;; I. In'," rat e lxia -rn~t er,
kin, lq vlk~iVC tA1I a ).ti ('XIX)1WInt, o)f (Jiu5---ý) Ij( I ('(11Iii I ibr rlf I If li xt tir~e
kg Gls ad.i ahat.i.c exi-x ein',.
l, l,,.enqth oi- cyl:i nder; ,Ienrjgth of deadl area
M Mach numblaer:
m1 Mass f low rate
p pr1essuore
RmI i Lquiva]ent gas constant of gas-.sol id equilihbr i.um mixture
H,2 (.c's consta2nt2 of! Je.t. gas at se,. ion{1i{ A,

I- Radial cooK-rd.i halte.
U Flow velocity

C Solid mass ratio
P P Fuel denLsity in gas-solid mixture
P9 Gas density in gas-solid mixture
P Gas -solid mixture density
A Gas molecular weight
fl Semi-angle of conic dead area

Subscripts

1 rxit section
2 End section of dead area
a Atmosphere
ave Average value, see Eq.(.1)
b Base section
eff Effective
g Gas phase
m Mixture
s Side surface of dead area
0o stagnation condition

Free stream
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BASE BURN PROJECTILE FRENCH TRAJECTORY MODEL

D.CHARGELEGUE and M.T.COULOUMY

I Direction des Armements Terrestres

Etablissem'nt Technique de Bourges

I

I ABSTRACT

The basic trajectory model is the standardized Modified Point Mass
trajectory model where, in the first phase, the base drag reduction and
the gas generator mass flow rate are calculated. The burning rate is
expressed as a function of the upstream atmospheric pressure atid
operating generator temperature. The base drag reduction coefficient is
expressed as a function of Mach number and characteristic mass flow rate.
Following several campains, the coherence of the model with firings has
been verified.

1. INTRODUCTION

Most of the studies on base-burn conducted in France concern special
areas such as aerodynamics, constitution and combustion of propellant orI interference between combustion and flow in the vicinity of the projecti1e
base. These studies are very interesting in the aim of such projectiles
design and development. Our purpose is different, we have to establish
firing tables for the users. So we need a trajectory model which include
base-burn particularities. This model sould be also used by the army in
artillery calculators and consequently it must not be too sophisticated.

-- He.lgren [1] first established such a range calculation program, but it
calculates motor pressure and It needs many input data, some of which
like base drag coeffic!,int are very difficult to know.

We think that a model more simple can be used. The basic model is a
modified point mass trajectory model 121 whicii is generally used In the
preparation of firing tables. This basic model is completed by specific
terms which n.odellse base-burn main aspects : drag reduction and massflow rate.

Drag reduction- and mass flow rate can be written in the following general
expression :

H RBB= 1/2 p SV2 Cx1311 , I, F, 0 p.....) (1)I

!I_ _



din/dt = VW( (M, 1, P, 0 p1. -) PI) SC (mc1) (2)

The time, for which the burnt propellant mass which is calculated by the,
equation (2) is equal to the initial mass of propellant, is an output data.
This time can be compared to the measured burning time and is also the
separation between the two phases'of the trajectory. The terms (1) and
(2) take part into movement equation system only in the first phase,
during which the drag reduction occurs.

From the general formulation, the problem is to identify parameters
which affect drag reduction coefficient CXBB and combustion rate VC and
finally to determine the functions of these parameters. These functions
must be accurate enough to pr:ovide calculated trajectories and burning U
time suitable to measurc trajectories and burning time whatever the
firing conditions (wind, muzzle velocity, elevation, cannon altitude, etc...)
are.

To this end, apecific tests and corresponding suitable means of
measurement have been set, and are described in §2. Chapters 3 and 4
explain tie way of interpreting the results and getting the modelisation of
the mass flow rate (chapter 3) and the drag (chapter 4). Finally we have
summed up the main cb:..racteristic- -.f "he mode! fcr base-burn
projectiles in §5 before concluding.

2. TESTS I
2.1 Tests Planning

To identify Lhe parameters affecting the drag reduction and burning time, U
the principle of these tests is the follovwing : for two identical values of a
single parameter, the other parameters which can affect affect the drag
coefficient or combustion rate are different.

Two French base-burn ptojectiles have been tested: the first one in June
19E6 and the seýcond one in September 1987. The test planning was theHI
-a.d:ne for the two campains but the second one took advantage of' many
mcans of rineasurernent and especially a trajectory radar.

According to the principle above stated, the test planning is defined as

25 rounds with propellant block at 21'C
5 charges x 5 elevations U

25 rounds without propellant block
5 charges x 5 elevations

24, rounds with propellant block at different memnperatures U
4 temperatures -31°C, 5•'C, 36°C, 51'C,.
for each one, 3 charges x 2 elevations.

--I I



2.2 Means of Measurement

Th "e ineasures made during firing tests provide all the data used as inputs
and as parameters which allow to develop and adjust the model.

iBefore each firing, the following measurements are made:
inertial characteristics of each projectile : mass, position of the

centre of gravity, moments of inertia
- for each round : elevation and azimut angles, time of firing,

projectile temperature .

It is also very important to know as accurately as possible all the
meteorological parameters (air pressure, temperature, humidity, andwind velocity and direction versus altitude). One sounding per hour is

required, then wind data are computed by a model of statistic
Interpolation versus time and distances. So this statistical model can
provide sounding as trajectory model input data for each round.

During its flight, the projectile is fully tracked by a trajectory radar, and in
addition to that, is tracked by Doppler radar during the beginning of the
trajectory (until' roughly 20 s of flight).
Each round is also equiped by a radio-electronic fuze to deliver burningI time. Some projectiles carry yaw sondes.T7he muzzle velocity is measured
by two independent means of measurement,

U 3. MASS FLOW RATE AND BURNING TIME MODELISATION

3.1 Calculation of Mass Flow Rate

The so called "burning time" calculated by the model is the very moment
for which the last propellant gramm has been burnt. So it is linked to the
mass flow rate which can be expressed by:

dm/dt = Vc (M, I, P, Op. ... ) pp SC (mCB)

where Vc is combustion velocity

Sis propellant density
Sc Is the area of combustion as a function of mass of burnt

propellant, mcB:

I Sc = aj + bi.mcB for mcB •:_ OB: <MCB 1+1

At any given time, the mass of burnt propellant is

mCB (t0 = MO - M(t)

where mo is the mass of the round when fired
m(t) is the mass of the round at time t

and we know thlat at initial time i.e. t = 0, m(0) mo - mc[30
where nic~30 is thc ournt propellant mass in the barrel and depends onthe charge.



I

Note that pp and the function S, (mC1) is provided by the propellcant
constructor.

3.2 Measurements

First before the campain, sonic tests have been conducted on propellant
in pyrotechnical laboratory. Particularly we are Interested in combustion
rate obtained on the stand-burner under several pressures and
temperatures. Of course it is not really representative of the combustion I
during round flight, but these tests allow to determine the combustion
rate of reference (Vco) for the lot of the tested propellant blc.ks . This
also give some idea about the behaviour of combustion rate wi0h pressure I
and temperature.
During round flight, the burning time is directly measured by using
special fuze.ln fact, each projectile with propellant block is equiped with I
a radio-electronic fuze which emit a signal. As long as the combustion
goes on, this signal is perturbated, which permits to obtain the burning
time with an accuracy estimated at about 0, Is (see figure 1)

Figure 1 . 155 DTC Measured burning time

.7~

End ofcombustionI

3.3 Identification of Parameters Affecting Burning Time

We have found good correlation of combustion rate with upstream
pressure and also propellant temperature, as shown by the followingIIIresults obtained through the two firing campains.

Correlation with pressure. The rounds with propellant block at 21'C i
have been exploited with the model where mass flow rate is calculated as

dm/dt = - K(M, I, P, Op. ... .)VC pp SC (mcB) i
Vco . pp, SC were defined before and K is an adaptation parameter.

For each round, K is adjusted to match the measured burning time. Of
course the model prints at every step the following data : Mach nunbfer

M. characteristic mass flow rate I ( I = (dm/dt)/pSV ), air pressure P; it

S!I



IIISO CACU S l hC average' preCssure P',noy , the av'-rige Mach number
Majn(,y, and the :verajý,> charnctcilstic Mass' flow rate nioy over the whole
I 'a,.e lb)Wn phasc.
So we can draw K at a firct ion of 1Vo 0 , y. or ln;y.

We have only found correlat ion with upstree ii pressurei as shown onI figures 2-1 and 22 uising a linear scale and iqure,, 3.-1 and 3-2 usirn! a
logarithmic scale.

Fig. 2-1 155 IrI'C Combi-st-ion rtale versus press.re

.. charge 1

*0,8 1.. -.- -- 0 charge 2
K 0 charge 3

0,4 -. .-- . . charge 4

A charge 5

0,2 -- A charge 6

Pressure (kPa'

Fig. 2-2 155 DTC Combustion rate versus pressure

* 1.2
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~- 0 0 charge 2I0

0,8 --------------------------- hre

K 0,6 -- A U charge 3

0, - ain charge 4
A charge 5

0 0 A charge 7
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Pressure (kPa:
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FIg. 3-1 15,,5 I'C Combustion xat; versus pressure

I~ L AT~ t - __

N charge 3
Q charge 3

A charge 4

I A chairge 6

10 ~~Pressure (kPa.10

:'Ig. 3-2 i55 DTC Combustion rate versus pressure

' I.. * charge 1 I
L_ I I ! -. i _1hrg

K _

El charge 4AIT 0 charge 2

0 charge 7

FPessure (kP, I

The best correlation bac Lbeen obtained with a law on the form

K = A.pA

Simulations are done with for mass flow rate expression •

dm/dt - A.PU VCC pp SC (m'CI

Figure 4-1 represell-s the corresponding computed burning time and
figure 4-2 i-epresents the difference between computed and measured
burning time. The corresponding difference In combustion rate (in %)
and the consequences on the range (in meters) are respectively shown in
figure 4-3 and 4-4.

Ii
____ ____ ____ ____ ____ ______r



Fig 4-1 155 I)TC Computed burning time (s)

Elevation
eiol, 400 600 800 1000 1150

f ha rg

1 30,83 33,26 36,43 38,85
2 31,72 35,25 39,10 41,65
3 29,33 32,61 42.15 45,85
4 34,65 41,40 48,73 55,06
5 31,50 38,20 47,36 60,50 70,97
7 41,76 55,64

Fig .1-2 155 DTC Difference in burning time (s)

SiElevation
mil. 400 600 800 1000 1150

charge

1 1,33 2,26 2,83 3,05
2 1,62 2,15 3,10 2,15
3 0,23 0,01 0,35 2,45
4 -0,55 0,30 -0,27 -1,14
5 -1,70 -1,10 1,06 1,20 1,97
7 0,46 0,84

Fig 4-3 155 DTC Difference In combustion rate (%)

Elevation~
mil. 400 600 800 1000 1150* ch..arge _ _ _ _ __ _ _

1 4,6% 6,9% 7,4% 7,2%
2 5,4% 5,9% 7,3% 4,5%
3 0,8% 0,0% 0,7% 4,4%
4 -1,5% 0,6% -0,4% -1,6%
5 -5,1% -2,9% 1,9% 1,6% 2,4%
7 1,0% 1,2%

-I
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Fig 4-4 155 DTC I)fl T- rencc in downranlge (1i)

Elevation
111l 400 600 800 1000 1 iO I

l 9 20 24 15

2 16 28 26 12
3 1 0 3 15
4 10 7 0 5
5 23 19 19 14 9
7 22 15

One may note that for the highest charges the differences are less than 2
s for burning time, 5% for combustion rate, and 22 m for range, which is
very satisfactory because it is about the dispersion we can expect with
propellant blocks.
For lower charges the differences are larger but this kind of projectiles
will be probably used essentially with higher charges.

Correlation with propellant temperatur_. In this case, the rounds with
propellant blocks at different temperatures were exploited with the
model where mass flow rate is :

dm/dt = - K A.P" Vco pp SC (MCB)

K is adjusted to meet the measured burning time and drawn versus Op
this graph represented in figure 5, permits to determine the function of
propellant temperature which is a third degree polynome

K(Op) = ao + a1lp + a 20p 2 + a 3 0p3

I

I
I
I
I



I

Sig., 5 155 RTC Combustion rate vorsus propellant tempnratuic

S1.2-. *CH 1 - 800

1.1 ~ ~.- 0 C11 3 -400

S CUl-I 3 -800

11 C11 5 - 400K 1 -xI A CH 5- 800
-. I

0.9 -• A CUT66- 850

3 X x stand-burner
-model law

-40 -20 0 20 40 60
propellant tenipdrature (OC

I Then as before, we can compare computed and measured burning times
(figure 6).

Fig.6 155 RTC Combustion rate versus propellant temperature
Difference between compited and measured burning time

H Propellant Temperature
Charge Elevation -31 °C -6,4 °C 34 OC 50,7 0C

I Inmil.

3 400 0,36 0,73 -0,55 -2,55
5 400 -2,98 -0,52 -0,98 -1,86
1 800 2,38 1,62 1,58 1,07
3 800 1,01 0,33 0,27 0,04
5 800 -4,03 -0,67 1,42 1,!7
6 850 0,99 --- --- 2,13

I The difference between computed and measured burning times is
generally higher than for 2 VC. The dispersion In combustý.iJn rate seems
also to be higher, especially for the higest and ýowest temperatu-. 's
tested. So we think that the modelisation ,of the combustior rate versus
temperature is good enough with a third degree polynome but can
expect that the dispersion in range should be higher for very high or veqy
low temperatures.

I
I

U



z.J I

4. DRtAG REI)UCTION MODELISATION I
The additlonnal term in movement equation due to drag reduction can be
written In the following general expression I
RB1 = 1/2 p SV2 CXBB (M, 1, P, Op ....

The identification of parameters and their functions which affect drag
reduction is allowed by the great diversity of firing conditions and the
suitable means of measurements described in §2.

4.1 Measurements I
At L.e begining of its flight (about 20 s) each projectile is tracked by a
Doppler radar which permits to measure velocity as a function of time.
Then thes data are exploited by a program developped by E'rBS [31
which provides ,rag coefficient Cx as a function of Mach number. (One
value of C.; is caiculated 'or one Mach number per second, so about twenty
values of Cx are calculated for twenty values of Mach number for, each
round)
Tue decrease of the mass flow rate occurs after the end of the Doppler
radar tracking. So in order to observe the effects of the mass flow rate on
drag reduction at the end of the base-bleed phase, we must use a
trajectory radaz tracking.

4.2 Identification or Parameters Affecting Drag Reduction
for D o; wt Mroa.chtnlegure 7 presents global drag coefficient

for DC' projctiies with propellant block at 21'C (CXABB) and shows that
CxABLB only depends on Mach number because the dispersion obtained on
this coefficient .' rPid-t greaLer than It is for a classical projectile.

Fig. 7 Drag coefficient with propella -it block at 2 1C

0.3

I
0,2
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0,1 I

0.5 1.o0 .5 2.0 I
Mach number

I
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SI As the propellant temperature affects combustion rate, one may think
that drag will be affected. This is not the case as shown on the graph in
figure 8 which represents drag coefficient for DTC projectiles with
p)ropellant block at different temperatures (CXABB ). Temperature effect
does not increase the drag dispersion. These two results indicate that an
optimal mass flow rate does exist above which the global drag coefficient
only depends on Mach number.

Fig. 8 Drag coefficient with propellant block at different temperatures

0.3

0.2
*0.21._

0.5 1.0 1.5 2.0 -5

Mach number

Drag coefficient for DTC rounds without propellant block (CXSBB) is drawn

in figure 9.

i Fig. 9 Drag coefficient without propellant block

0.4 '....

I 0.3V

1 ~~0.1 1~
0.5 0152.0 2.5

Then the drag reduction coefficienlt CXB.B used in the formula §4 is
calculated as

Cxn -- CXA")13

LI

I __ __ __ __ __ __



The three graphs CXABB , CXs-BB and CXBB as functions of Mach number
were plotted on figures 10-1 and 10-2 for t•ach of the two tested
projectiles. CXBB (M) is expressed as some polyrnomial functions of Mach
number (degree < 4).,

Fig 10- 1 155 frC Drag coefficients versus Mach number
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Fig, 10-2 155 DTC Drag coefficients versus Mach number
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influen( ; of characteristic mass flow rat&. During the emp..ying phase of
base-burn motor, it is clear that drag reduction (dcreases progressively.
As a matter of fact, the projectile drag goes from the CXABB1 urve to tGle
C761313 •lve.



We are trying to define the function of characteristic mass tlow Fate f(I)
from data obtained by trajectory radar.

The first firing camnpain allows us to point out a characteristic flow rate I0
permitting optimnum efficiency of base-bleed motor and the following
expression for drag reduction

RBB = 1/2 p SV2 CXBB (M) f(I)

N where f(I) = I/Io if I < I0
f(I) = i if I> 10

5. SUMMARY OF THE MAIN ASPECTS OF THE ACTUAL MODELLING
FOR BASE-BURN ROUNDS

5.1 Additionnal Terms for Base-Bum Rounds

Additionnal term in the center of gravity movement equation

RBB (V/V cos 8 e + e) / m

where RBB = 1/2 p SV 2 CXBB (M) f(l)

The characteristic flow rate function f(I).

f(I) = 1/I0 if I < 10
f(I) = I if I>10

I being the characteristic mass flow rate I = (dm/dt)/ pSV
1o being the characteristic mass flow rate permitting optimum efficiency
of the base-bleed motor.

Coefficient CxpB

CXBB is the drag reduction coefficient (a function of the Mach number)
established for the entire firing envelope, for a given munition and
equipment.

fori <.5. M < Mj+I CXBB (M) = a0i + ali M + a21 M 2 + a31M 3 + a4 i M 4

5.2 Calculation of the Mass and Combustion Time

Data.

n msq = standard mass of the complete roundI0 = mass of the round when fired
ll1C = mass of standard burnt substances (propellant, etc...)
n = f mass of propellant butnt in the barrel.

ZI
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Calculation of the mass at extinction of the base-bleed motor : nEBB

nIEBB = mO - mc

It is assumed that while t > to and ra > mrnEBB the base bleed phase is in
progress.

Calculat_ a.of maass flow.

In this phase, the mass variation law is given by:

dm/dt = -K.Vc (M, I, P, 0 p, ... ).Pp.Sc (mCB)

where K is the adaptation parameter enabling the base-bleed time to be
founid

Vc is combustion rate

pp is propellant density
SC is the area of combustion as a function of burnt propellant

mass , mCB :

SC = at + bt.mnCB for mCB 1 mcB1 mCB i+1

At any given time. the mass of bun-t propellant is

SmCB (t) = mO - IM(t)

where m 0 Is the mass of the round when fired
m(t) Is the mass of the round at time t

and we know that at initial time i.e. t = 0, m(0) = mo - mCBo
where mCBO !s the burnt propellant mass in the barrel and depends on
the charge.

Calculation of the combustion rate.

The combustion rate Is expressed as

VC = Vco . f(0p).g(P)

where VCO is the combustion rate obtained on the stand-btrner

Op is the propellant temperature

f(0p) = a() + al 0 t, + a 2 0p1
2 + a03t) 3

1) is the 11pst i'cam ressure

-m g(lP)= A.11"'
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6. CONCLUSION

These test campain results have pointed out that one can consider that
upstream pressure and propellant temperature are the only parameters
which affect the mass flow rate.
By another way, as long as characteristic mass flow rate is greater than an
optimal value, drag reduction only depends on Mach number and is
independant of propellant temperature. During the emptying phase,
characteristic mass flow rate becomes lower than this optimal value. The
function of characteristic mass flow rate used for modelling the falling off
of the drag reduction, which appears during this phase Is still not
completely defined. Nevertheless comparisons between computed and
experimental trajectories and burning time conducted up to now are very
satisfactory.
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TRAJECTORY MODEL NG FOR BAtSLbLLLU Pv<UJECTIL.ES
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!
I
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IiNTRODUCT ICN

[Basebleed projectiles become widely used as an efficient mean ofI increasing the range of artillery projectiles. Tnerefore there is a
strong need for a trajectory model that fits into existing fire control
computers. Such a model should avoid additional integration variables
which would lead to longer calclation times and should fit into
existing calculation techniques in ordner to keep software maintainance
costs down. Ou- artillery fire control computer uses trajectory
integration within a mass point model [l].

THEORY

The well known "swedish model" for basebleed calculation, see eg. [2]
uses a representation of the effective drag in the form

Cdeff = f*C0base , Cdfrict f Cdfront (1)

I where tii ag reduction factor depends on the mass flow I, the Mach
number M, and projectilo related geometrical data A. It is factorized

l into

f(I,M,A) ý fl(1)*f2(M)*f3(I,M,A) (2V

The mass flow depends on the burning law of the basebleed propellant
and therefore on the chamber oressure which may be related to the
ambient base pressure. Furthermore, the burning characteristics may
be affected by the spin rate. Hence, rncs, flow calculation is rather
compl ica- ed.

I
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But., if a suitable initial guess of the burning time is available
- depending or muzzle velocity, ambient atmospheric conditions and
propellant temperature, fl and f3 in formula (2) may be expressed as
functions of time instead as funktions of mass flow. Moreover, with

g - (f.•Cdbase f Cdfrict + Cdfront)/Cdtot . (3)

the total drag Cd may be used as a reference to the drag reduction
factor.

Cdeff = g(t,M;4A)*Cdtot (4)

Such a representation would conveniantly fit into presert drag
calculation of existing fire control computers. However, the
factorisation of f in (2) will not apply to g in (4). We have there-
fore to look for an alternative form.

DATA COLLECTION

In order to get data samples covering a wide range of parameters, a
test plan was set up covering firings from low zones (380 m/s) to
high zones (915 m/s), elevations from 200 mils to 1100 mils. The
purpose of using high elevations in the upper register was to expose
the active projectile to low ambient pressure conditions which would
influence the burning rate and burninq time.
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Unfortunati y, low atmospheric pressure and high Mach numbers tend to
b~e correlated, sC) that the separation of Mach number and atmospheric
effects will be difficult.. Variation of the mass flow parameter was

alsoacheve byusig rondsconitinedat low or high temperatures.

refrene prpoe, o tat heeffectivness of the drag reduction could
be osered in diect omprisn uderthe same condi ti ons. Due to

test site range restrictions, this direct comparison was not alwaysI possible, since riot al,.ys two different target areas were available
at the samne time which would have been required for vP-ingi with both
orojecti les.

A non-trackin~g Doppler radar was used to get the velocity data, Met
date was collected by standard met sonde technique,

DATA REDLJCT ION

The drag coefficiený. was calculated from the doppler radar data usinig
a point mass model. it. is riot necessary to calculate with decreasing
mass, the aer-obal listic effect of the mass d..,ýcrease can be incorporated

i r the efficiency factor g. fig shows drag data.
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Sfig3: drag reduction factor as a function of time, for various Mach

numbers.

For thr interpretation of the data, burnout time ist very important.
Optical observation of burnout time turned out t.. be rather erratic.
A still active unit may have no opticiI signatu'e and, on the othc.r
hand, ineffective burnout of remaininr pro ,Ilant may be clearly
visible. Therefore we decided to define the burnout Lime as the end
of efti ,ency, measured by the doppler radar.
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Now, having the burnout time tB or' a suitable guess of it, we are able
to rearrange the drag reduction data as a function of the relative
burning time t/*B. This procedure eliminates the variation of burnout
time due to the various influencing factors, such as high propellantI temperature and high spin rate which result in an increase of the
burning rate, and therefore in a decrease of the bu~rning time. Fig 4
shows the result of this reduction step.
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Obviously, the main effect - the effect originating from the mass
flow - has been eliminated. The effectiveness, i.e. the drag reduction
factor, of a well designed basebleed unit is not very sensitive to
variations in the mass flow. It. has to be outlined, that fig 4 contains
also measurements on high and low temperature conditioned projectiles,
Sor which the burning time varies more than ten percent. The mass fP iwill
change by approximately the same amount, but the effectiveness varies
by far less than ten percent.

Remember that, because of the useage of the total drag as a reference
(4), combined effects of mass flow and Mach number have to be expected.
It becomes now difficult to identify these remaining effects. Higher
spin rates result in higher burning rates. Therefore both Mach number
and mass flow correlate with high muzzle velocities. Separating the
drag reduction factor curves for different zones gives a separation
of Mach number and mass flow parameter simultaneously. The resulting
drag reduction curves separated for zones 8 and 10 are shown in
fig 5-6.
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fig 5: drag re Ir z(ne 8 fig 6 'Irq ted for zone 10
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BURNING TIME

Up to now, an empirical formula based on test firing data is used, a
function of muzzle velocity and elevation angle. Simple approaches of
correlating burning time with free Air trajectory data were not

Firing tests, where base pressure and basebleed unit chamber pressure

are to be recorded in flight, are in preparation.

[ACCURACY OF THE MODEL

Errors in the burning time (as a result of a bad guess or an
inappropriate formula) will result in a range error and a time-of-flight
error. It has been calculated, that a ten percent error in burning time,
using unaltered drag reduction data results at zone 8 only in a 200 meters
range error. Hence, fortunately, the problem of burnout time is not that
delicate.

The drag reduction curves of fig 5-6 show some bandwidth. To get a
feeling for the yet remaining error, we performed calculations with the
lower and upper enveloppes of thesefigures instead of the mean curve,
of fig 7. This is a worst case assumption, since no actual curve is
lowest or highest over the whole domain.
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The following table shows the resulLs of this calculation for an
example with zone 8. 1he actual firing dist. tncr was 21.9 km., the
basebleed unit i ening time was 21.7 secs.

Basis: actual firing, range error i .F error

mean drag reduction curve - 66 m - .42 s
lower drag reduction curve +218 m + .07 s

Basebleed projectiles are Lactically used only over a limited

spectrum of the possible parameters,. hey (,We used !)refe rably with
high zones at long ranges. lherefore usual ftiL:ii q techni,ý,ies witý)
heavy weights on high zones and long ranges are )pplicabi, and wili
further improve the accuracy of the calculation.

CONCLUSIONS

It was proven that with sufficient accuracy i simple extension of the
standard integration formula does the job oi trajectory calculation
for the purpose of fire control. Further work has to be done,
especially in the field of predicting the burnout time.
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BASE BURNING PERFORMANCE AT MACH 3

Warren C. Strahle
School of Aerospace Engineering
Georgia Institute of Technology, USAI

I

"INTRODUCTION

Over the past four decades there have appeared spurts of interest in the
use of combustion or mass addition either from the side or from the base ofI] a projectile in supersonic flight. The purpose has been for generation of
control forces or th'ust (drag reductio,i) for these projectiies or mis-
siles. A brief list of references (not exhaustive) illustrating the chro-
nology is given as Refs. 1-7,, This symposium represents a new phase of
interest in tie problem, but is specialized to the use of base bleed for
drag reduction.

I Prior work at this laboratory 7,8 has focused on experiments in base bleed
for base drag reduction (or elimination) using various injectants, with
hydrogen as the combustible. The experiments were limited to a facility of
fixed Mach number of 3, but sufficient variables were changed to provide
much physical insight into the problem. In particular, this paper will
focus on the advantages of using a hot fuel rich bleed gas as the
injectant, as opposed to either a pure cold fuel or inert hot gas.

FACILITY

The facility used was a blowdown windtunnel designed to simulate the base
flow for a bluff-base, axisymmetric projectile with a fineness ratio of
about 6. The Mach number was 3 at the projectile tailplane. Test section

I details are shown in Fig. 1.

I!
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Figure 1. Base burning test section schematic

The windtunnel characteristics are described in Table 1.

Table I. Wintunnel characteristics

Mach number at base tailplane 3.02
Stagnation pressure 9.3 x 105 Pa
Stagnation temperature (drifts during run) 250-28E K
Reynolds number based on base diameter 3 x 10
Boundary layer momentum thickness at tailplane 0.67% D
Centerbody base diameter (D) 5.72 c
Tunnel area at base plane 161 cm
Maximum run time 5 min
Test section static pressure 24600 Pa
Test section static temperature 100 K
Mass flow rate 0.82 kg/s



I The hollow cylindrical model extends through the windtunnel nozzle and is
supported by four streamlined struts in the upstream portir- of the
windtunnel where the Mach number is 0.07. Gases for base injection and
instrumentation leads were ducted through the support struts.

Two base configurations were used. The plane base shown in Fig. 1 is a
plane sintered metal base plate. This plate was used for base bleed with
hydrogen injection with diluents of He, CO and H . The second base config-
uration is shown in Fig. 2. This was useý for &e combined preburning of
pure oxygen with diluted hydrogen before injection into the wake.

BASE INJECTION

POROUc

rDISK
BASE PRESSURE

/-PLATE TAP .- POROUS

_H2 DISK

C ONSUMABLELIGNITER STING

ýMIXINGAND 
MOUNT

CHAMBER

REAR VIEW
SIDE VIEW

(CROSS-.SECTION)

Figure 2. Base configuration for preburning

Ignition for all cases was obtained by igniting a solid prooellant consum-
able igniter sting as shown in Fig. 2. Base pressure was measured as the
average of four or five base pressure static taps d 'lled through the plate
nearest the base. In all uses the injectart momentum Tlux was less than 5%
of the base force rise achieved, assuring a base bleed situation as opposedto 3 thrusting system with the addition of base bleed.

PHYSICAL INTERPRETATION

From a variety of sources 7 both theoretical and experimental, the mean
flow field may be expected to look as depicted in Fig. 3. There are many
ways to physically reason what may be expected with injection and base
burning. The author Prefers, for simplicity, arguments based upon injection
effects on the streamline passing through the rear stagnation point. This
streamline must, by definition, stagnate, so the static pressure plus the
dynamic head govern this process. If the Mach number is reduced on this
streamline, the stagnation pressure falls so the static pressure must rise.
This results in a base pressure rise. The Mach number in combusting flows
is primarily determined by the speed of sound because flow speeds are
mainly set by the freestream speed. Since the dominant speciesI

I
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in the flow is N1, mass diluent effects of various molecular weights will
only have a weak effect on the stagnation pressure. Consequently, combus-
tion heating is the dominant cause of base pressure changes.

UEG OFMOMENTUMh T RANSPORTRRCION--

mOF . ASS AND AT TRANSPORT R,9 N-'

ERE ' STR EAML:NE.-

S.... ..... • RECIRCOLATION ZONE .... : :::: :
FORWARD REAR

STAGNATION STAGNATION

POINT POINT

Figure 3. Presumed flow model for base burning

Another source of heating of the suhject streamline would be the injection
of hot gas, and this is what is accomplished in the preburning case.
Control of the injectant temperature, however, alters the entire shape of
the flow field and it is not clear what the optimum (if any) mix would be
when considering an H2/02 ratio of injectants.

In consideration of the results below, there are two performance parameters
of paramount interest. These are the base pressure, P rise with injec-
tion. The no-injection base pressure will be den•ed P ., and the
freestream static pressure at the tailplane will be denoted V. The rele-
vant force change on the base is then (P -P ý)Ab, where A ¶s the base
area. The overall mass injectant rate is th~t H +0 + diluent, denoted
m. The effective specific impulse is then

I = (Pb - bo) Ab/ A

In order to facilitate comparison of various injectants it is also useful
to quote the effective heating value ot the fuel plus diluent combination.
Pure hydrogen has a value of i.21 x 10 J/g and a typical hydrocarbon has
values in the range 2 - 2.5 x 10 J/g.

One final parameter used to characterize the injectant rate is the injec-
tion parameter I, defined as the ratio of mass injection rate to the
"capture" mass flow rate of the free stream, p1 V1 A b where p. is the
freestream density and V the freestream velocity. For base bleed situa-
tions I is always a very iow number compared with unity.

RESULTS

Shown first are the results of pure and diluted hydrogen, using the base
plate of Fig. 1. In Fig. 4 the Isp is based upon the flow rate of hydrogen
alone, regardless of the diluent. Where diluent was used, the amount was
chosen to bring the effective heatina value of the mixture to values which



would be practical for a fuel rich gas generator. The reason for presenting
the results on the basis of the 12 flow rate alone are to emphasize the
main results of Fig. 4 that the diluent makes little difference. The basic
performance depends only upon the amount of fuel poured into the base
region (the heat dump into the wake). This result has been qualitatively

*i argued above.
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I Figure 4. Base burning results with diluted arid undiluted hydrogen
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An interesting presentation of results occurs when the specific impulse is
plotted as a function of the relative base drag reduction, as shown in Fig.
5. Here the true 1 is shown on the ordinate, but sealed by the effective I
fuel heating value.SFor pure H injection the solid straight line results,
which remains, within experir~ental scatter, a straight line even with
diluent. Two major points here are (1) impressive I results may be
attained at base pressure reduction values as high asS 0%, but (2) with
this injection method 100% base drag elimination cannot be achieved.

Sooo I
DILUE N T

0l N2
.& He

1500 0 CO2

0,OOO WITHOUT DILUENTISP X OR 
(FIG.6)

500

50 60 70 80 so 100

Pb-PboXIOO;,7. BASE DRAG REDUCTION

Figure 5. Scaled specific impulse against base drag reduction 3
The preburner configuration of Fig. 2 was first tested without injection
and with pure hydrogen injection to assure results com'atible with the Fij.
I injector at the tailplane. Base pressure results differed by only 1%, I
which was within experimental scatter. Moreover, with pure H2 burning, the
results for the preburrer config.ration did not differ from those -I Fig.

4.1
Figure 6 shows the effect of hydrogen injection rate with varous v ;u: of
0 + N. maintaining a relatively constant 0., + N, mass flý,,1 ,i.e. For
cgmpar;'•un the base pressure results of Fig. 4•are also plot.-ii in Fig. 6. I
The rather startzling result is that performance is strongo> improv-ci with
preburning
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Figure 6. The effect of preburning on base pressure reduction

The net performance gains attainable by preburning are shown in scaled Ivs base drag reduction in Fig. 7. The dashed line represents an envelope •upper limit performance attainable,, Impressive values of I are attainablewith nearly 100% base drag elimination. It was also check98 that no effectof inert diluent appeared when the H2 /0 2 ratio w3s held fixed.
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Figure 7. Pre-,urning and pure H 2 injection results compared
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It is unclear from a physical viewpoint and withoift a theoretical model why
preburning causes such a large performance iicrease, as compared with pure
or diluted hydrogen injection. Nevertheless, the performance gain is
impressive and makes base bleed an extremely attractive propulsive device.

CONCLUSION

Pure base burning performance with hydrogen fuel is determined by the
"hydrogen flow rate and' is therefore dependent upon only the heat dump rate
into the wake, independent of the diluent used. Thi3 has the consequence
that the specific impulse for pure bFase burning (no preburning) is
directly proportional to the heating value of the injectant.

Combined preburning and base burning yields considerably higher performance
than with pure base burning of a cold injectant. Impressive performance
values are attainable. For example, 90% of the base drag can be eliminated
with a specific impulse greater than 1000 using an effective fuel heating
value of 20,000 J/g.
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I
INTROD.CTION

I lThe total drag of an artillery shell consists of several
contributions, for exatrrle wave drag, friction drag, drag due
to lift and base drag. The part of base draq can add up to 75 %
of the total drag of the projectile. Figure 1 shows the
ccrparison of the total drag curve with the curve of base drag
as function of Mach-nLutner for the RH 49-BB round without base
burning. This shows that one possibility to achieve extendedI ranges for fielded 155 mr gun systems is the reduction of base
drag (ref. 1). At Rheinmetall the theoretical basis of the Base
Bleed Effect (ref. 2 + 3) was elaborated and the projectile RH
49-BB was developed in the last years. As a result of the
theoretical work a simple engineering-type model for base-bleed
calculations was developed. Another similar model is krown
(ref. 4) which is more specialized and bases much rmore on a
great number of wind tunnel measurements.

Next the base-bleed simulation is described. Afterwards the

construction and firing results of the RH 49-BB projectile are
presented. Finally the methods of trajectory calculation are
ment ioned.I
BASE BLEED SIMULATION

IThe supersonic flow around the base of an artillery prc,ýecti le

is rather complicated. The reason for the great base drag is
the low base pressure. The base drag is reduced strongly, if a
srral I amount of gas is blown into the afterbody wake. The gas
is produced by a pyrotechnical unit placed in the bottcoi of the
projectile (&Alse-leed-Effect). With th- definition of a

I dimensionless gas flow rate,

I
I:
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it is possible to draw the base pressure as a function of mass
flow through a nozzle in the bottom of the round (Fig 2). Only
the first part of this curve up to the maxinmri of base I
pressure (i. e. minimum of base drag) is important for the
Base-Bleed-Effect. In this region where the mass flow rates are
in the order of a few percent, the base burn units work.

The Rheimetall simulation of the Base-Bleed-Effect is based on
Whe theory of the outlet of a jet of gas from a reservoir and
the stream tube theory. Figure 3 shows schematicly the flow
around the base of a boat tail of a artillery shell with
base-bbleed.
Using these theories it is possible to deduce the following I
system of equations, describing mass flow I, dead air angle 0(,
base pressure ratio pB / P\ , length of dead air region 2

~C CIO2) (3

I
- \-.- -) (M ?)M') 3-

d d c o ( c )

Input data are the adiabatic exponents X- and P , the geometric
data dref, dN and dB, the sound velocities a e and aRes the

I
\9(M) is the Prandtl-Meyer-Funktion. S can be calculated by the
equations:

&cJ Mp ( Z+ iM ) 4-)(7)
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The gas flow rate is given by the burning law of the Base-Bleed
grain. We assume the following burning law for the •imuLition.

C 2

* and now

Yre ý lef Po9

PR is the constant density of the base-bleed grain. The
burning surface FpR depends on the geometry of the base-bleed
unit and the burning rate.
The solution of this system of equation gives the change in
base pressure and so also change of base drag by base burning.
The connection of this simulation to a ballistic flight

programme makes it possible to calculate the trajectories of
"base-bleed projectiles.

PROJECTILE RH 49-BB

_ I The 155 mm RH 49--BB is a long range projectile with bomblet
submunition. The round is effective against semi hard targets
at ranges up to 31 km fired with the field howitzer FH 70 or 38I km fired with 52 caliber extended range ordnance. The shell
carries 49 grenades of the type RH II with self-destruction
device. Figure 4 shows the construction of our projectile. The
main parts are the one-piece shell, the bottom with the
base-bleed motor, the 49 grenades, the expulsion charge and the
mechanical time fuze. The base-bleed grain is shown in Figure
5. A sLmmary of the technical characteristics of the RH 49
base-bleed projectile is given in table 1.

TABLE 1. Technical characteristics of RH 49 Base-Bleed

I Weight 44.6 kg
Muzzle velocities
Charge 8: L1OA1 823 m/s
Charge 7: L 8A1 678 mrs
Center of gravity 319 rmi
Axial moment of inertia 0.15 kg mi-
Transverse moment of
inertia 1.80 kg m2
Reference diam* er 154.7 mm
Base diameter 146.2 nm

I
-I



Diameter of base orifice 43.5 mm
Burning low of propellant

C 1.4 ram/sec
x = 0.31

Density of propellant 1.37 g/cm3

Weight of BB grain 1.45 kg

FIRING RESULTS

The firing results ob)tained over the last years have
demonstrated that the maximum range of the RH 49-BB projectile
is greater than 30 km with a muzzle velocity of 823 m/s. The
probable errors are PER < 0.3 % and PED < 1 mil. Conpared with
the inert projectile the base burning produces increasing
ranges of 19 - 26 % depending on muzzle velocity and elevation.
"Thus the base-bleed motor causes a decrease of base drag of
about 60 - 80 %.
The burning time was measured stai icly and in flight by optical
and radar methods. The static burning time is 26 s at a
temperature of 210 C. Depending on the trajectory the burning
time increases up to 36 s. The static burning rate is 1,4
rmm/sec. At. grain temperature of - 32 °C the burning rate
decreases 4 %, at 520 C the burning rate increases 8 %. From
these experimental data, it is possible to determine the
coefficients of the burning law: C = 1,4 rm/sec, /, = 0,31.

From radar measurements the drag coefficient CD was calculated
as a function of Mach-number for the inert projectile and for
the base-burning phase. These curves are shown in Figure 6. The
value of CD during base-burning is nearly constant (CD = 0,18).
The curve deduced from radar measurement is comared with
results of the base-bleed simulation. The CD curve of the inert
projectile has the typical shape of a modern artillery shell.
After burn-out the CD- value jurbs from the base-burning-curve
to the inert curve. The Hach-number related to this jump
depends on the firing conditions.

SII4JLATION OF TRAJECTORIES

The simulation programme of the base-bleed effect was linked to
a two-degrees-of-freedom trajectory model. The given base drag
of the inert projectile, which come-s from ermpirical equations
ot from tables like DATCOM (Ref. 5), is corrected in the
described way. So the drag can be written.

(D cf CD - ' 3 ' C (10)

with

CD drag coefficient of the inert projectile,
function of Mach-nunber
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I I CB Ballistic coefficient of the inert projectile,
functicn of muzzle velocity and elevationi

I fB - Coefficient of base drag reduction
C6' - Additiona ballistic coefficient of the base burning

phase, function of muzzle velocity and elevation

The base drag reduction is calculatea by the base--bleed
simulation. The ballistic coefficients are used to fit the
calculations to the firing results. To reduce the time of
calculatiois we use the results of the flight simulation with
base-bleed as input data for a simpler two-degrees-of-freedom
trajectory programme with change of the CD-curve and ballistic
coefficient without gasdynanmic base-bleed simulation.

The drags of the base-burning phase and the phase after
burn-out can be written

I
_____CBB during base-burning (11)

SD2- V.5a %ref Cb C after burn-out (12)

CBB ballistic coefficient during base-burning,
function of muzzle velocity and elevation

CD drag coefficient of the base bleeding projectile,
constant value of 0,18

. This prograumme allows very fast calculations of trajectories of

the RH 49-BB round. The results of these calculations are
presented in Figure 7 - 9. In figure 9 the velocities of the
inert and base-burning (burning time 36 s) projectile as a

jj function, of time of flight for maximum range are shown.

FINAL REMARKS

The long range 155 mm projectile RH 49-Base Ble~d ,iith baorilet
submunition is presented. With the help of a sirrý lo 1,1c)retial
model for calculating base bleed characteristic,,; ethods for
range calculation during development are explained. In the next
future calculations with the modified point rass *traject,_-ry
(ref. 6) model are planned.

I
I
I___|__



LIST OF S'1BOLS

P Pressure
__P "Density
"m Project i l e rmass
n •Mass flow
I Dimensionless mass flow
A Area
a Speed of sound
v Velocity
M Mach-nuaber
d Diameter
d, •Diameter of inner flow thoat
1 Axial extension of dead air region
c "Dead air angle

Boat tail angle
c Coefficient
C Burning equation coefficient
IL Exponent of burning equation
R Burning velocity
F Propellant surface
D Drag
F " Ratio of specific heats of combustion products

S: Ratio of specific heats of air

SUBSCR IPTS

RES Reservoir
00 Undisturbed flow values
B Base
SN Nozzle
D Drag
ref Reference value
PR - Propellant
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A STUDY OF DRAG RIl)LJCTION BY BASE BLEED AT

I SiJBSONIC SPEEDS

I Ding Zeshong, Llu Yafel & Chen Shaosong

East China Inst. of Technology, CHINA.

I. INTRODUCTION

Base bleed is accepted now as the most effective technique "or reducing drag. Large--caliber,
long - range and Low - drag projectile can extend its range by 30% and the gain is

quite high. At present, the base bleed technique is mostly u;ed in range of supersonic speed.

In accordance with experimental results of cold air bleed, the only research data ' about
base bleed of three - dimensional body under subsonic and .ransonic speeds predict that base
drag reduction rate by base bleed is very low in the speed range.
What's the base bleed rate undcr subsonic and ti, nsonic speeds then? It is of great importance
to understand the problem in developing base bleed technique and modifying old - fashioned
projectile having lower Initial velocity.

For this purpose, a wind tunnel test is carried out with real base bleed grain, the base drag

reduction rate by base bleed is obtained under subsonic and transonic speeds and comparied

with results of cold air bleed.

2. EQUIPMENT, MODEL AND TEST

2.1 Equipment

The test is carried out in base bleed wind tunnel HG - 03 In East China Institute of Technology.

The tunnel is an open - jet wind tunnel with a centre -- body. Mach number varies from 0.6

to 3, and the circumstance pressure on the sea surface can be simulated.
The centre NAxiy is supported by four radial struts on thc stilling chamber, and the pressure

- tube is protruded from the wind tunnel through thern, therefore the disturbance of

the model support upon the base flow field is eliminated.
The quality of the flow field is high. When M-0.6--0.8, AMmax/Mcp<0.69/o, and when
M=0.98, A Mmax/Mcp<1%, The centre-body nozzle is shown in Fig.l.

I 2.2 Modecl

S2In his telt, a c.ylindrical tail model is used. which is corlected with centre- body end. Its

idimctcr is 0.03m. The ratio of the bleed hoi: diameter D to the diameter D of the model
b i wc is Di 'D= 0.5.

I I 2 3t Ihc~sirc Measurcment

l he nAhil ni eeure of ;he wirt1 tuincl, thie static presssute of rec - stream and the hase pressure

Ic Inca urd in the test The transducer of 1, p,1"s is a in - form beam strain gage

SI
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FIGURE 1. Centre body nozzle

transducer, its measurement range is .49,.•- N/m 2. All the data are acquired and reduced
by computer.

2.4 Base Biced Grain

1Three types of base bleed grains are used in the presnt test, the ;.urning temperature
of number 1 grain is over 3,000' and that 'f number 2 and 3 grain Is about 1,3001C.

0 _____ -- ___
0

I stlrt of wind tunnel 2. flow steady 3. ignition
,I Stlable burning 5. stop of burni!,g 6. stop of the tunnel![-JURFL 2. Varied curve of base pressure with time



..HI... 1. ... Num.. ber at l.ac. Maclh Number

I Rel( X 10') /m1

0.59 1.64

I0.71 2.00
0.82 2.43

H ___0.98 3.26
"I

2.5 A Bricf Account of Test

The tests arc carried out under four Mach numbers, i. e. M= 0.59, 0.71, 0.82 and
0.98.
In the whole process of blowing, i. c. before, durning aad after buring of the grain, the
changes of model base pressure are measured, and the time of burning is recorded. Finally,
1 -. t curve is obtained which is shown in Fig. 2. A, er processing, the variation of

base drag reduction rate with injection parameter I can be found. Correspondence of M with
Re is as table 1.
These numbers are far beyond the critical Re ( 6.5x 106) of the three -- dimensional boundary
!ayer transition, for the practical use the effect of Re on base pressure can be
neglected.

3. RESULTS AND DISCUSSION

The experimental data under different Mach numbers are processed into the curves denoting
the vaiation of base drag reduction rate ACDb/Cub by base bleed with injection parameter
I and shown in Fig.3--Fig.6.

100 -0

80 Al/Oa.

60~~ -/ 6OWluatt FLiý,

I ---------- - 3

0 2 6 /0 0/o -)I

I FIGURE 3. Base drag reduction rate curv,- by base bhl "d at M= 0.59
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FIGURE 4. Base drag reduction rate curve by base bleed at M= 0.71

It can be .wen from the figures above that under subsonic and transonic speeds, the whole
changed tendency of ,CDb/CDb of all the three grains is identical. It is characterized
as follows,

1 ) Under small value of I, ACDb/CDb is ln'reased siarply as I increased.
As value I is small, the velocity and momentum of base bleed are small, and when value
I is increased, the mass of gas entering the wake region ard the energy released by burning
in a unit of time are quickly increased so that the near wake region is greatly
extended, accompanying considerable rise of base pressure and ACDb/CDb.

.,c.•_.b, %)
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FiGIURE 5. Baw; diag reduction rate curve oy base bleed at M=0.82
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FIGURE 6. Base drag reduction rate curve by base bleed at M= 0.98

(-2 ) As vaiuc 1 is greater, the rise of the curves is gradually flatlened.
With a greater value 1, the mass entering the wake region in a unit of time is larger, and
its velocity and momentum are greater. The strowg bleed momentum may destroy the structure
of the base recirculation region, reduce the base pressure and cancel the profit from
the increase of mass and energy, so that it makes the curve changed smoothly. As
value I is even much greater, the increase of ACDb/CDb is small.

( 3) Under different Mach numbers, the effect of rumber 1 grain's reduction drag
is the best, since its burning temperature is munuh higher th2.- that -of number 2 and number
3 grains-

( 4) In the range M= 0.59-0.82, the base drag reductio.i rate of number 2 and number
3 grains is about 80% , while that of numiwer I grair, is as high as 100Y , i. c. the
base drag is completely eliminated.

FTABLE 2, The Experiment Results

point nom. of oin ofp 1 }poitnum Tote] point nUM. ofv~~~ ~ <\_• 10Y </62:•'
N4,>100% <100%

[ > lopt

0.559 8 I 2 10

IF
0.' 2 i 16 3 19I1

I'
I!

I __ _
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FIGURE 7. Variation of reduction drag efficiency - ( aCbb/ al ) with Mach number

The cxrxriments are made repeatedly to prove the reliability of the above - mentioned experimental
results. It is shown that under above three Mach numbers, as I is larger than a
&dfinitd valuc, the value of ACDU/CDb of Xiost experimental points is slightly higher than
1, and the value of less points is lower than l but higher than 0.97. (sce table 2 ).
In consideration of the experimental errors, it is regarded that the base drag reduction rate
by base bleed of number 1 grain is 1009,/ , Lh1 base drag can be completely eliminated.
In accordance with base bleed cold air test, kowman and Clayden derived an cmpirical formula
of reduction drag by base bleed with the use of propellant as a fuel:

IC , (7 . C e I

The formula was widely quoted. These experiments, '":owever, show that it is not in
good agreement with grain's base bleed results. The main difference is as follows:

I ) Under subsonic and transonic speods, the ba'.- bleed reduction drag rate of
solid fuel estimated by the formula is much lower t-, n the experimental value. See
Fig.3 - Fig.6. In the range of M= 0.59 0.S2, the estimated value is only equivalent to 1
/5 of number 1 grain and 1 /4 of number 2 and 3 grains.

(2 ) It can be further understood from Fig. 3 - Fig. 6 that the variations of real
graiins base drag reduction rate by aUse bleed with injection paramneter I does not correspond
-,ith the index relation of the empirical formula by Bowman and Clayden. After the value
I t. larger than 0.007, the change of reduction drag rate tak-:s place slightly.



Nevertheless, according to the estimation by dle em pirical formula , when the value I goes
up from 0.(X)7 to 0.012, the reduction drag rate increases almost 50/6,

(Under subsonic and transonic speeds, the variations of reduction drag rate by
real grain's burning with Mach numbeir is different from the expected by reference [
In that literntm., stanrds (or reduction drag efficioncy by lxv.c b"e.. Aiccording to the experimental
data under M= 0. 11, 0.64 and supersonic speeds, the enterpolation was made for transonic
speed, and the experimental results of trTansonic speed by Sykes were quoted. See
Fig.7. Under subsonic speeds, - ( aCl'hb/ a I ) [ o are conutnt and ve,ýry low. Under transonic
.And ,w supersonic speeds, it goes up steeply, and its maximum is reached about NM=
2.5.
But the present experiments of real base bleed grain zarried out in wind tunnel show
that under subsonic and transonic speeds, the solid fuel - rich grain's base drag
reduction efficiency by base bleed is very high, in the range of M- 0.59 - 0.82, - ( aCDub
/ a I) I : is equivalent to the data with M ! 2- 2.5. Therefore, the changing tendency
of the solid fuel - rich grain reduction drag efficieny by base bleed is high - low - high when
,Mach number goes up from subsonic, transonic to low supersonic.I Preliminary analysis indicates that the great diffference between results by reference • and
"real base bleed grain's reduction drag efficiency is caused by the fact that the cold and hot
air experiments made by Bowman and Clayden didn't simulated the near wake burning effect
of fuel - rich products in the wake region and the Influence of different release
positions of enthalpy value. It can be concluded that the simulation of solid fuel base bleed
with gas (cold or hot ) cannot meet the needs of engineering.

4. SUMMARY

The present study uses solid fuel-rich base bleed grain to do the experiment of the
base drag reduction rate by base bleed in wind tunnel and the following main results are
obtained:

(1 ), In the range of M= 0.6 - 0.8, the base drag reduction rate by base bleed of solid
f uel-rich grain is very high. Number 2 and 3 grains can reduce base drag by 70 -

80% , while number 1 grain can completely eliminate the base drag. It is worth developing
the technigue of the reduction drag by base bleed in the range of subsonic and
transonic speeds.

S2) . In the range of subsonic, transonic and low supersonic speeds, the variation tendency
of grain's reduction drag efficiectyy with Mach number is as: high --low - high. Sharp changes
take place in the range of transonic speeds,

S3 3) . The estimated value by Bowman and Clayden under subsonic and transonic speedsU is only 1/4 - 1 /5 Of real value of solid fuel - rich grain and so it is not applicable

5. NOMENCLATURE

SCDb base drag coefficient withukt base bleed
CD bb base drag coefficient with oase bleed

LCnb _ Crb_-=,- Cb base drag reduction rate by base bleed
C b Cub

D model diameler
D, bleed hole diameter

I =- ...... injection parameter
PVS

rh mass burning rate
M Mach number

I



Re Reynolds number
S base area
V velocity of free stream
t density of free stream
- (aCDb/b 8 ) 1 0 reduction drag efficiency by base bleed
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I TESTING OF PARTS AND COMPLETE UNITS OF THE SWEDISH

BASE-BLEED SYSTEM

i Nils-Erik Gunners, Kurt Andersson, Yngve Nilsson
Swedish Defence Research Establishmenti Box 551, S-147 25 TUMBA, Sweden

ABSTRACT

The Swedish Base-Bleed system was invented about twenty years
ago. During the research leading to the invention and during
the continued development a number of different methods and
eAperimental procedures for testing parts as well as the
complete system have been developed.

The paper describes several of these tests in relation to the
functioning and the design of the system. Examples of test
results and advices on their application are presented.

The first part describes laboratory methods and experimental
facilities for testing parts such as propellant grains,
igniters and nozzle systems in combustion bombs, spin stand,
soft recovery acceleration facility and supersonic wind
tunnel.

The second part treats parts and complete base-bleed units
functioning and performance testing by means of gun firing in
aeroballistic range and in actual free flight trajectories.

I
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1. INTRODUCTION

Longer range and greater accuracy are constant objectives when
new ammunition is developed or existing ammunition modified. I
Several methods of achieving these goals may be applied. Mostmethods can be combined.

Afterbody drag accounts for a substantial part of the total I
drag, more than 50 % for a slender-nose projectile. Thus, the
importance of decreasing the afterbody drag is apparent. By
mcans of a base-pressure-increasing system, such as base- i
bleed, the base pressure can be increased considerably during
an important part of the flight time. This also affects the
optimum design of the projectile afterbody.

The Swedish Base-Bleed System was invented in the late
1960-ies, /1/. Characterized by great simplicity and very
good performance when correctly designed it has become an
internationally adopted prototype for most later designs.
It is especially advantageous to modern low drag projectiles.
During the research leading to the invention and during the
continued development a number of different methods and I
experimental procedures for testing parts as well as the
complete system have been developed. Since these methods and
procedures are strongly related to the design and functioning
of the system a short resum6 of the fundamentals might be of I
value. Phenomena to which the system is subjected and which
give rise to testing will be pointed out. I
Fnvironmental tests, such as drop tests, vibration tests,
temperature cycling and performance over specified tempera-
ture and humidity ranges, are carried out in accordance to
actual regulations for conventional ammunition.

Several aging tests are performed of the base-bleed propel-
lant grain and igniter as well as of mechanical parts of the
base-bleed unit such as sealings. Aging tests of complete
units are also performed. Ultimate tests are gun firings.

In this report neither environmental nor aging tests will be
further discussed.

It should be noted that the tests reported here are primarly
used for research and development although most of them, with I
minor alterations, could be used as production tests.

2. FUNDAMENTALS OF THE SWEDISH BASE-BLEED SYSTEM

The purpose of the base-bleed system is to eject, or bleed, a
suitably low mass flow of under stoichiometric solid propel-
lant combustion products from the body of a flying object,

such as a gun projectile, into the near wake where the com-
bustion is completed with ambient air. This affects the wake I
flow in such a way that the base pressure is increased and the

base drag thereby reduced. The base mass flow should be I
I
I
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optimal and should occur during a substantial part of the
flight time.

There are many problems associated with the design of base-
bleed units for projectiles. The system has to withstand the
pressures, temperacures and accelerations in the gun, at the
muzzle and during flight. The ignition has to be reliable and
consistent and the unit should be designed to workefficiently. Morover the mass and volume should not adversely
affect the lethality or cargo capability of the projectile.

The general design of the Swedish base--bleed unit is shown in
fig 1. It is a compromise of efficiency, simplicity and low
cost and is based on the fact that a controlled low mass flow
of mainly gases can be generated by the combustion of aI propellant at low pressures in a combustion chamber within the
projectile body.

PropelLant grain

Combustion chamber housin__

FIGURE 1. Low drag experimental projectile with base-bleed
* unit.

The main parts of the base-bleed unit are the combustion
chamber with the propellant grain, the igniter and the base
with a suitable nozzle system. In a sense the entire
projectile afterbody is part of the unit since it in most
cases constitutes the combustion chamber. The optimum design
of the afterbody is very much governed by the performance of
the base-bleed unit.

The base-bleed unit is in the course of the interior
ballistics subjected to high pressures and pressure charnges
and to strong axial and angular accelerations. These cause
mechanical stresses, strains and deformations of all unit
parts.

The propellant compositions should be chosen with gteat cate.
A suitable grain design can greatly reduce strains andstresses and the risk of cracks. Spin stand tests and axial
acceleration tests are useful for studying me(:hanical per-

Iformance.
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When the gun is fired, the'base-bleed pLopellant grain, as
well as the igniter composition are ignited by the combustion
gases in the gun. Due to the very steep pressure drop when
the projectile leaves the muzzle, the base-bleed propellant
combustion tends to b( extinguished. The igniter however has
a pyrotechnic composition with very low sensitivity to
pressure variations. Thus it is capable of sustaining the
combustion of the propellant grain.

It is very important for good range and precision to achieve
an instant, reproducible, full effect onset of the base-bleed
immediately at the muzzle. Several theoretical and experi-
mental ignition studies and tests have been carried out.
These and numerous complete base-bleed projectile firings
emphasize the importance of perfect ignition.

4
~0• • 3

1_0

0 2
Ignition delay s

FIGURE 2. Calculated range decrease versus ignition delay for
a medium caliber low drag base-bleed projectile. Shaded area
indicates possible variations due to the size of the base-
bleed unit and due to flight conditions.

The conditions are demonstrated in fig 2. Showing calculated
range decrease versus effective ignition delay for a medium
caliber, low drag base-bleed artillery projectile. An
ignition delay of 0.1 sec results in a range decrease of
approximatively 0.4 %. This is of the same order as the total
dispersion at maximum range of good projectiles..

For a normally working unit, full onset of base-bleeoi occurs,
with only small dispersion, within a couple of meters from the
muzzle. Consequently ignition should normal]y not involve any
problems but, due to the importance, has to be thoroughly
tested and controlled.
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Due to high gun pressure the regresbion of the igniter compo-
sition is conciderably higher 4.n the course of the interior
ballistics than outside the barrel. Several mm of igniter
composition length is usually burned in the barrel. This h3s
to be taken into consideration when u-igning ingiters.

The fihst part of the propellant gruin combustion takes place
at high pressure while the projectile travels along the
barrel. The regrescLon rate is high but the duration very
short. The propellant layer burned in the gun is generally
relatively thin and usually not determinative for the grain
dimensions.

During free flight is the mass flow through the nozzle low
and subsonic. The pressure in the combustion chamber exceedi_
the base pressure only slightly. Due to the effect of the
base-bleed the chamber pressure differs very little from
ambient pressure. The ambient pressure is degressive along
the trajectory up to apex. This results in a degressive
regression rate of the propellant. It should be noted that
regression rates and thus mass flow and duration of burning
are functions of elevation.

I The projectile might eventually reach an altitude at which the
pressure is so low that propellant combustion is no longer
possible. It is vital to determine regression rates and to
study propellant combustion from sea level atmospheric
pressure down to pressures at which extinction occures.

3. DISPOSITION OF TEST METHODS

The base-bleed unit appears simple in its design. It is
however evident that several severe requirements, many with
small margins, are to be met. Theoretical calculations may beI performed and can elucidate some problems but due to the
complexity of the over all process only experimental tests canu finally ensure reliable and good performance.

During the researchl leading to the invention of the Swedish
base-bleed system and during the continued development a
number of different methods and experimental procedures for
testing parts as well as the complete system have been
developed and applied.

5'summary of some methods is presented in fig 3. In this
ýgure is indi.cated which tests might be considered as

essential or important/of value. As appears, in some cases
standard methods already available have been applied, sometimes
however with alterations. In some cases new, comprehensive
facilities have been designed and built especially for the
base-bleed research, development and testing.

p
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FIGURE 3. Summary of test methods.

4. LABORATORY METHODS AND EXPERIMENTAL FACILITIES

Sec4.1 Combustion Bomb Tests

Subatmospheric to high pressure propellant combustion. As
Gu ated earlier the pressure in the base-bleed 0--0-

combustion chamber is normally close to ambient pressure.
Starting from gun site atmospheric conditions ambient pressure
is decreasing up to ap-x. An advanced projectile trajectory
apex might be as high as 15 km. It is however probable thatthe optimum end of combustion should occur at a lower
altitude. The range of interest for combustion studies is
mainly at subatmospheric prpssuces. Regression rates should
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be determined down to the pressure at which extinction occurs.
The combustion behaviour such as occurance of oscillatory
combustion should be observed and measured. Although
oscillations can be observed in combustion bomb tests, the
combustion will tend to be stable in a ieal base-bleed
combustion chamber where the thermodynamic situation is
different and usually more favourable. Strand burning

* regression rates appear to be quite accordant with base--bleed
combustion regression provided correction is made for the
influence of spin. Combustion tests at subatmospheric
pressures 3are mostly performed in a strand burner Vindow bomb
of 500 cm volume connected to a surge tank of 1 m
volume as shown in fig 4. The burge tank is connected to a
vacuumpump allowing the bomb and tank system to be evacuated
to the desired pressure. The system is fitted with valves
necessary for operation. Pressures are measured at several
locations.

Ia-- -•" Combost__on__

I Sur e tank

FIGURE 4. Subatmospheric propellant combustion test facility.

A majority of combustion bomb tests have been performed with
propellant strands of 5 by 5 mm square cross section and 120
mm length. The strands are inhibited on the sides.

Ignition is accomplished with an electrically heated iron
wire. Fine, melting silver wires are used for determination
of the average regression rate.

Examples of test results are shown in fig 5 for two different
HTPB propellants. Regression rates at pressures higher than
atmospheric determined in the same combustion bo•mb are shown
for one of the propellants.

ITniter combustion. During research and development of
igniters high pressure combustion bomb tists are valuable. In
this case a cylindrical bomb with 100 cm internal volume
and maximum 200 MPa pressure is used. The bomb is fitted with
transducers for me.-urements of press!)Ee and light emission.

I _
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FIGURE 5. Regression rate versus pressure for two different
HTPB propellants.

5000

Regression rate equations
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Pressure MPa

FIGURE 6. Regression rate versus pressure for two different
igniter compositions.
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It has also connections for the ignition of the igniters to be
tested. Test igniters with net diameter 21 mm and length 15
to 20 mm are generally used.

Influences of diffeient variables such as composition, compo-
nents particle sizes and compacting pressure have been studied
in order to find suitable igniters for different designs. As
examples regression rates for two igniters are shown in fig 6.

4.2 High/Low Pressure Bomb Tests

I The high/low pressure bomb is used for experimental simulation
of the conditions the igniter is exposed to during interior,
transitional and exterior ballistics.

The bomb in which the igniter to be tested is located, is
fitted which a bursting disk. Fig 7. The bomb is loaded
with a suitable amount of propellant. When the propellant is
ignited the pressure will first increase to a value corre-
sponding to soine effective gun pressure. After some ms,
corresponding to the duration of the interior ballistics, the
disk will burst and the chamber pressure will drop to approxi-I iimatively ambient pressure.
By balancing bomb volume, pressure increasing propellant mass,
nozzle area and disk burst conditions an acceptable simulation
of the influence on the igniter combustion can be attained.

Bomb cover

Bursting disk

Pressure increasinq

Bomnbhousing

I niiter to be tested

FIGURE 7. High/low pressure igniter combustion test bomb.



4.3 Tensile Tests

In the gun the propellant grain is subjected to very strong
axial and radial accelerations. In addition the base-bleed
system should be working over a wide temperature range, such
as -40 to +60*C. Determination of the mechanical properties
of the propellant over the actual temperature range is most
important. These properties will in turn determine the
maximum grain size. It is convenient to have a series of
propellant compositions developed and tested in order
to make the optimum choice for each design.

Tensile tests are made with JANAF specimens in a tensile test
machine with cross head speeds between 1 and 500 mm/s. Tests
are made at different strain rates and temperatures. The
results are presented in master curves. Examples of results
are shown in fig 8 - 10.

log QzT=- 18 (T-T TS::24.0 K

154,S (TT- TS)

r:
MP,
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5 0 5 10
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FIGURE 8. Master curve for relaxation modulus
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4.4 Spin Tests

Spinning solid propellant rocket motors perform differently
from nonspinning motors and the same applies to spinning
base-bleed units with solid propellant grains. The most
important consequences of the spin are increased burning rat(
due to radial acceleration, altered combustion chamber flow
and nozzle flow. Spin also influences the ignition process.
Consequently spin tests are most valuable.

A spin stand designed and built at FOA (Swedish Defence
Research Establishment) is shown in fig 11. An electric motc
rotates the shaft by way of a hydraulic drive at variable spi
rates corresponding to actual projectile rotation, up to abou
20 000 rpm. The shaft in which transducers are situated, is
journalled by two ball bearings. The main end of the shaft
carries the test unit to be spun, the other end is connected
"to a slip ring assembly. The bearing housing is fixed to a
steel plate which rests on two spring blades. Pressures can
be measured at different locations through pressure taps. Th
signals from the pressure transducers are carried via the sli
ring assembly to the signal processing equipment. It is also
possible to use radio transmission for the signal transfer.
Ignition is accomplished via the slip ring assembly or via th
combustion chamber nozzle.

FIGURE 11. Spin stand facility

Spin tests are usually performed in full scale to study the
effect of spin on propellant grain combustion and on chamber
and nozzle flow and blocking. Fig 12 shows a photoqraph from
a spin test. Other spin tests may also be performed such as
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igniter spray tests and grain deformation tests. In the firstcase the actual igniter is used in combinatiun with a dummy
propellant grain. The spray pattern of the igniter jet willbe clearly marked on the dummy grain surfaces and can be
studied after the test.I

I
I

FIGURE 12. Spin stand test of base-bleed unit combustion at
15 000 rpm.

cobsto chme pniga"200rm

I
I

i "FIGURE 13. Deformation of propellant grain in olden ended

combiisticn chamber spinning at 12 000 rpm.

I
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Grain deformation due to spin can conveniently be studied by
stroboscopic photographing of a grain in a spinning open ended
combustion chamber. The deformation of a segmented grain
without central chantiel is shown in fig 13. External axia).
flow is generally not provided for in a spin stand of this
design. Hence only internal processes of base-bleed units can
be studied. On the other hand this can readily be made in
full scale.

The interaction of base-bleed and external ambient flow is
ordinarily studied in supersonic wind tunnels. At FOA a
spinning experimental base--bleed unit has been designed and
built for this purpose.

4.5 Linear Acceleration Tests

Soft recovery of gun fired projectiles has always been an
interesting and important task. In 1966 was at the proving
ground of FOA designed and built a very special linear
acceleration and soft recovery facility. It has performed
excellently over the years and is still in current use.

The basic element is a recoilless 84 mm caliber smooth-bored
gun in a heavy experimental version. This gun is fixed to a
long support and the barrel is elongated to 275 m by means of
pipes. Fig 14. When the gun is fired an increasing pressure
is built up in front of the projectile as it travels along the
barrel. The pressure behind the projectile is continously
decreasing. The projectile is softly retarding and will come
to a stop after about 100 m. Compressed air is u'sed to move
the projectile out of the barrel.

FIGURE 14. Linear acceleration test facility



By changing projectile mass and 2gun propellant mass, linear
accelerations up to 400 000 m/s (40 000 g) can be
obtained. Numeious tests with propellant samples and grains
have been carried out in order to obtain data on mechanical
properties of the propellant as well as to study deformation,
occurrence of cracks etc of the grains.

Mechanical behaviour of igniters subjected to strong
accelerations has also been studied. The facility is well
suited to acceleration tests of mechanical parts and

* electronics.

4.6 Supersonic Wind Tunnel Tests

I The supersonic wind tunnel at FOA, used for base-bleed
studies, is a blow down type of tunnel with fixed nozzles for
M - 1.81 and M = 2.65. Fig 15. The nozzle test section
diameters are 125 mm and 170 mm respectively. The afterbody
model is supported by a central cylindrical tube extending
from upstream the tunnel nozzle. Thus no problems with
support interference will occur. Model external diameters are
mostly 50 mm.

I

FIGURE 15. Supersonic wind tunnel test section. Nozzle with
central support tube and after body model with base-bleed
unit. Test section can be open or closed for tests at
subatmospheric pressures corresponding to flight at high
altitudes.

Several non spinning models of different bas3--bleed unit
designs have been built and tested. The unit is located
within the afterbody model and consists of the combustion
chamber with the propellant grain and the base with the nozzle
system to be tested.

I
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Ignition of the propellant grain is accomplished throuqh the
base nozzles by means of the jet from a pyrotechnic igniter
mounted on a retractable support.

Pressures in the combustion chamber and on the after-body
surface are measured by means of a large number of taps
connected to scanning transducers. Lines from the transducers
are fed through the support tube.

In a typical test, the tunnel is run some seconds after the
base-bleed has ceased. Thus data with as well as without base
flow are obtained during the same test run.

A support device for wind tunnel testing of spinning base-
bleed units has also been designed and built. The device is
mounted to the central axial support tube. Air bearings are
used. Spin rates up to about 40 000 rpm are brought about by
means of an air turbin and spin rates are measured wiht a
photo-cell system. By measuring the pressure in the chamber
stabilising the axial position, total axial force and base
drag can be calculated.

Several hundreds of base-bleed tests have been carried out
with variables such as propellant composition, grain con-
figuration, nozzle configuration, nozzle area and afterbody
configuration. Also further advanced systems related to base-
bleed, such as external burning, have been investigated.

The large number of test results have made possible the
formulation of very reliable performance data which in turn
have been introduced into our exteriour ballistics code. Very
good agreement between calculated and complete gun firing
results are demonstrated over a large range of calibers, sizes
and applications.

FIGURE 16. Supersonic wind tunnel test of base-bleed unit
combustion at M-1.81.



I 5. GUN FIRING TESTS AND FACILITIES

5.1 Aeroballistic Range Tests

The purpose of aeroballistic range tests is main].y to deter-
mine aerodynamic coefficients and stability factors of
projectiles in free flight. The flow around free flying
projectiles with and without base-bleed can be studied. Since
range tests concern the very first part of the trajectory the
base-bleed igniuion process may be observed simultaneously.

In Sweden is a 240 m long, 11.5 m wide and 6 m high covered
aeroballistic range named Nordbanan at the proving ground of
FFK in Karlsborg. In this range it is possible to fire roundsH of up to 155 mm calibre.

The range of measurements extends over 230 m and includes 93
yaw-cards and 10 photographic stations. Fig 17. Each
station is equipped with two Hasselblad 500 EL cameras for
horisontal and vertical photographs perpendicular to the
trajectory, and flashes of very short duration. By focusing
the cameras on white back ground screens the projectile
attitude, and the shadowgraph of the flow field can be
registered. The camera shutters open shortly before the
projectile passes and closes shortly afterwards. The actual
exposures are brought about by the very short flashes.
When applying the method with open cameras and flashes the
strong light from the base-bleed combustion might interfere
with the shadowgraph. However there seems to De no difficul-
ties in using yaw-cards for base-bleed projectile firings.

-I

I

FIGURE 17. Indoor picture of the aeroballistic range at
Karlsborg proving ground.

I
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5.2 Ballistic Firing Tests

Ballistic firings offer the ultimate tests of the performance
of the complete base-bleed projectiles. The fundamental tests
concern range and di-spersion at different angles of elevation
and muzzle velocities. In Sweden this kind of firings are
often made over water. The impact is usually measured by
radar and/or cine-theodolites.

Firings in darkness with good visibility offer excellent
conditions for studying the performance of base-bleed units
during flight. The ignition process as well as the combustion
process - duration, stability etc - can be observed and
recorded. Registrations are made with open shutter cameras.

During most ballistic tesL firings Doppler radar measurements
are performed. The results are generally presented as drag
coefficients, CD, versus Mach-number and versus flight
time and provide important data for use e.g. in aeroballistic
calculations.

In general all malfunctions and disturbances of importance of
the base-bleed process will cause observable devergences of
the drag coefficient from normal values.

In fig 18 is shown measured C versus Mach number for an
experimental 155 mm base-bleeg projectile. As can be seen the
base-bleed unit of round 3 is not working correctly. The
ignition is retarded, causing high CD at start. The base
mass flow is displaced towards the later part of the process.

S........... ----------------------------...........
-,-.- -- -• _ -_ - -- ... • • _-I-_ .. ..----- -__-......" ! ---...L---- .......

____ -• -•" --- F-•--- -2 - . .-. 30

I . . .. . .

7,0 _)'

1.0 . . . .2.0 -0

FIGURE 18. Measured drag coefficients versuL Mach number for
an experimental 155 ium base-bleed projectile,



6. CONCLUSIONS

The base-bleed unit is an appar,..rtly simple system with no
moving parts. It is however evident that the over all process
is very complex and that several severe requirements are to be
met. Analytic design methods and data are still insufficient.
Thus experimental tests for research and development of parts
and subsystems as well as complete base-bleed units are of
utmost importance. Experiments are also necessary for
obtaining basic data such as regression rates, mechanical
propertins and aeroballistic coefficients. However good
theories Tight be developed testing will still be needed for
proving reliable arid efficient performance.

In this report some of the more important test methods and
"experimental procedures uow in use have been presented. New
methods are however currently beeing developed. In later
years sexeral laser based methods have been introduced. Fiber
optics and micro electronics render possible new transducers,
data transfer and data processing technique. Larger computers
and computer codes will be developed.
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ANALYSIS OF DISPERSION OF BASE BLEED PROJECTILE

U
PROF. XIFIJ GUOI

Dept. of' Engineering Therainl Physics & Aerodynamics.

East China Inst. of Tcchlolgy NANM[NG. CHINA.

IABSTRACT
"The dispersion of shot is an important performance index of a base bleed projectile. Correc'
estimation the characteristic quantity of dispersion of the base bleed projectile, effective reducing
the dispersion of the proiectile, reasonable determining the dispersion index are problems
of great concern for projectile designers and ballisticians.
In this paper, the dispersion of the base bleed projectile has been estimated, and the methods
for reducing the influence of nutatiot. and the drag dispersion with base bleeding and
the highaltitude wind on the dispersion of projectile have been introduced. Then, the effects

of various factors on the dispersion of projectile have been analyzed, and it is poInted wat
that the initial velocity dispersion, nutation dispersion, gusty wind and drag dispersion with
base bleeding are the main factors affecting dispersion of projectile. Because the drag
of base bleed projectile is so weak that the effect of the drag dispersion on over all - dispersion
will be more sensitive. Factors affecting dispersion of the base drag with base bleeding and
the influence of the dispersion of Ignition time on over all dispersion have been discussed.
The methods of reducing dispersion have been stated. anL' the methods of determtining the
index of dispersion and of making reasonable distribution have been demonstrated. The firing
tesk have proved that the theory and methods given in t'is paper are verified.

1. INTRODUCTION

A base bleed projectile can increase range eificizntly, and the increase of range rate is normally
about 20----3}%. Under the condition of high :.,litial velocity, the les, the wave drag of the
projectile, the more the proportion of the basc: drag to to.ai drag, and also the more noticeable
the effect of the ricreasing range of base bleeding. Hence, the increasing range of
base tecding especially sailable for the low drag projectile with the shape of hign fineness
ratio head.
Owing to the structure characteristic of the base bleed projectile, iý is very probable
that shight carelessness in design c:,ises excess large dispersion of shot. The reasons of large
dispersion .au be summed up in following respects: I. For large calibre and long - range
projectile, charge weight is more, the ignition and flame tranger are not uniform, it i,,acasy
to cause the large dispersion ol initial velocity; 2. Di.e to rather large fineness rateo
of the proieCtCe, lonig gunt barrel, high Ib•oe pressure, spin iate of projectile, it is not easy
to centre the projectile in bore so that the considcratle yaw dispersion of projectile
(during launch period ýF caused; 3. fue to extended range, high altitude and large
time of flight, a long- range projectile is easy to bxe affected by random change of meteorological
elements: 4. Because of the additional base bleed unit, icc stability of propelltri, gas flow
and dispersion of ignition, etc, which are rclated to the base bleed uni! imnmediately,I will cause dispersion of base ding; 5. Becatse base bleed rojectile has the shap" of 1aw

Ic l, ip rindI,1 •; 5 rjciesa ,
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drag, the sensitivity of projectile for the initial velocity and drag dispersion increases as drag
decreases, But, the relative variation of drag dispersion increases, so 'hat the dispersion
of shot furthcr increases.
In this pxapr, bae.Ad on theoretical analysis and test data, the estimating method of the disper ion
of base bleed projectile has been researched, the-factors caU lig dispersion have been analyzed,
the ways of decreasing dispersion have been pointed out, the dispersion index have
been discussed. Theoretical foundations aned actual r.ni, thods of reducing the dispersion
of base bleed projectile have been provided, in order to realize the overall optimum design
of base bleed projectile, and estimate the dispersion elements of the firing table of
base bleed projectile.

2. ESTIMATION OF DISPERSION PROBAKLE ERROR OF BASE BLEED PROJECTILE

The fligh: stability of the base bleed projectile is a necessary condition to meet the dispersion
index. In estimating the dispersion of shot, the gyroscopic stability, dynamic stability
and trailing stability of the base bleed projectile must meet the requirement along
overall trajectory. Under these conditions, the dispersion probable error of the falling point
of base bleed projectile can be calculated by following formulas:

2 (ax

E=Y a-- II--I )Ez n- (.. Z -E

where E. - probable error in range; E. - probable error In deflection; a -factors related
with the range and the deflection, such as the initial velocity, v., the ballistic coefficient,
c, the weight of the projectile, G, the range wind, W., the cross wind, W1, the ignitior.
time of base bleed unit, thi, etc. E. i- the probable errors of dispersion of factors ( a )aXZ

such as E 0, Ee,, Ec, Ew, w. etc. ax -the sncltivity of the factors a i for range, a-

- the sensitivity of the factors a i for dceflctie-n. Hence the dispersion of range and deflection
cau.,c1 by the dispersion of factor a i can be written as

E ax E

S(2)
S.. ..aXEE z, 3X-" Eg•

this is,, the dispersion of falling point caused by factor a i is a product of its
se nsitivity fact,)r with its probable error. When the dispersion is analyied, the two
CV,,Ccts -1thC sensitivity factor and disper;io', amount must be considered.

"J. tRIl:Al\IN N M 1'1lOD 01' I 2AtIING POINT DISPERSION CAUSED BY N[T] AiTI7tN
1)1 Sl.ZSIO)N, I)RAG VISPERSION WIDII BASE BLEEDING AND GUSTY %VNID

". l al ID, ,:Jinut ,,isperswn by N utdtion



The nhLtation dispersion causes not only the range dispersion bUt also the deflection dispers'on.
They are discussed respectively as follows,

3.1.1 Estimation of range dispersion oauscd by notation dispersion. Several methods are described
as follows: a. Method of oallistic equation
Using equation of motion for a modified mass point or ballistic equation of six degrees of
'Cc:roxim, the rangc Xj corresponding to the h.dividal nutation amplitude 6 1 can be calculated
and the Eb can be written as

I / (X
ExJ= 0.6745j n-i (3)

b. Method of equivalent initial velocity
vhc influence of nutation on range can be considered as the influence on the initial velocity,i iV0 , if the change of initial velocity caused by nutation 6,,• is AVo•, the their relation

is

/ 21
Av. = a ' (4)

a( I )
then, the probable error of initial vclocity caused by the nutation dispersion is given by

=0.6745/ X-[ Av - ( .. )

EI 06 " n- n (5)

"The range dispersion caused by the nutadion dispersion is given by

E XI
XA, av v.4 (6)

c. Method of ballistic coefficient
Under the condition of existing the nutation, the ballistic coefficient of projectile is
given by

c, =,, (c + K &) ( 7)

6 , . .... -. - (8)
1 T

whcr,-, e. is ,he ballistic coefficient when nutaion is zero; K is the cocf;'icicnt related with
the projectile shapc and MucLI numtber M; tj is the time when nutation is damped to zero;, T- -total time of flight.

Si
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__The dispersion of the ballistic coefficient caused by the nutation dispersion Is given by

Ec 0.6745 1-1------n -
(9)

n

The probab!e error ir, range is given by

aX

ExE -- ax Ec (10)

d. Method of nutation deviation

Firstly, calculate

• ax
d6 Mn (1

Secondly, calculate

- m
E6 = 0.6745 ,7 (2 (12)

n-

M n

finally, calculate

•Xd" •- ~ ~E x6 a xt E j=( 3

3.1.2 Dispersion of aerodynamic jump caused by nutation dispersion. The aerodynamic jump
caused by the nutation is



R2

h A.V (14)I 0;. .. .

E 0.6745 n-

b nSwhere t -the initial nutation angle velocity. RA -the •quator radius of the gyration of
projectile; h - the distance of drag centre to mass ccntWc of the projectile.
The range and deflection dispersion caused b) E, is resperctively given by

XJ ax

1x (16)

Ezo= XE* (17)

finally, the falling point dispersion caused by the nutation is yielded by

E _, , irF 7 z+ E x8218)

3 Ez6 = XE(

3 3.2 Range and Deflcction Dispersion Caused by Gusty Wild

To calculate the influenre of the gusty wind of every poiv, on trajectory on the falling point
dispersion, firstly, the method of caculating the falling po;r dispersion caused by the gusty

wind of every pointon trajectory need to be discussed. For the point i, the mean wind W,
and the mean square error of the gusty wind a wi have a relation in the following

i'W ip 1w iVi (19)

I where ip w - the relative intensity of wind.
ff the falling point dispersion caused by the gosty wind of every point on trajectory is equal
to the mean square error of the qusty wind, that is considered the same along all-
over trajectory, hence, following formula can be yielded

awxwOaW 6w1 . 7".w

a ( W i wi) (20)

aX /aaX
qi aW aW

Swhere c( wb - mean square error of ballistic gust; wind - -the change of range cacsed
by a unit wind ail -over the trajectory; ;-- -the change of range caused by unit wind

of point i; q -the layer - weight of layer i.
If 1P W is constant all - over the trajectory, or i) w= 10 , hence

I'
I _



(7 Wh ý- 41 (qW.)d (21)

generally, ip - 0.1
for the range wind,

a "Xb X(q ,wix )2 (22)

for the cross wind,

rwzb = . Wz )2 (23)

The probable errors of ballistic rarnge wind and cross wi 1,( are respectively given by

Ew~b=- 0.6745 0 W( (24)
Ewb=0.6745 (1w u (25)

Hence, the probable errors of the falling point caused by the gusty wind are given by

Exwx a Wx wxb (26)

aZ
Ezwz = 2•-Z E V

EZW z

3.3 Falling Point [)ispers~on Caused by Dispersion of Base Bleed Drag

The inflfence of the drag dispersion of the base bleed prý Ictile with base bleeding on the
falling point dispersion is concerned with different times and v _•sitions on trajectory. To simplify
calculating procedure, the concept of ballistic prgbablc error of the base bleed drag coefficient
has been presented. Based on following principle: the falling point dispersion caused by the
ballistic deviation of the base bleed drag coefficient is equal to that caused by the dispersion
of the drag coefficient of every point on trajeciwy with base bleeding, the ballistic deviation
of drag coefficient can be dctcrinaned by

- _ E C 2 d )2
--C Ec. (27)"d D a

q X ' 2 * E 2

CDh C., q c (28)

aX ' aX
q /-%, aC aC

.. I.



I iTABI :. 1. Falling point dispersion caused by factors of dispersion

i (Ez E-ai (m)

184 6.6

G (28. i 0

W. 58.65 2,14

Vw, 0 22.5

0 0

T 0 0

0.046 0.022

A 0.118 0.43

B 0 0

I t1 2.56 0.23

6 m 280.6 33.6

H CDoB 436.5 1.1

z - 0 39

P 6.31 3.9

(,) 6.31 0

E,ý 544.4 59.6

I ax
whcre ECDb- the ballistic probable error of the drag cocfficicnt with base bleeding; DCD

the change of rage caused by an unit change (f the drag coefficient with base bleeding; ax

-the change of' range caused by an unit change of the drag coefficient of point i

with base bleeding; qcGD - the laver weigat cf drag coefficient at point i,
During base bleeding, if Ecui is constant E CD ) ,then

E c E q (29)

The range dispersion caused by the dispersion of drag cochbicicnt with base bleeding is given
by

aI CD (30)

!I
I
I



IWAI AI 2. Comuarc of theoretical result with expcrimlct'cA result

_----Ex ( ) +,(m) E./X

theoretical result 544.4 59.5 1/72

experimental result 505.8 65.6 1/77

4. ESTIMATION AND ANALYSIS OF INFLUENCE OF DISPERSION FACTORS ON
DISPEPRSION OF BASE BLEED PROJECT;LE

4.1 Step of Estimating Dispersion of Base Bleed Projectile

a. Calculate sensitivity factors;
b. Calculate dispersion;
c, Calculate falling point dispersion caused by dispersion ,ictors:
d. Composition of probable error of dispersion.

4.2 An Example

For a projectile, the diameter is 155mm, the weight is 47.8Kg, the initial velocity is
850 m/s, the angle of depardure is 52' , the burning time is 24s, how to estimate
the dispersion of the projectile.
Based on above- rinentioned formulas and steps of calculation, the probable error of falling
point dispersion by the dispersion of factors (an be calculated, the results are shown in table
1.

TABLE 3. Falling point dispersion in proportion to overall dispersion caused by the dispresion
of any factor

Gi Ex2.i /Ex' 100% Ez.o /Ez' 100%

Vo 11.4 1.2

G 0.266 0

= 1.16 0.12

0 0 14.17

-t 0.02 0

CDBB 64.29 0.003

6 5 26.57 41.16

1o 0.013 0.042

Z 0 42.44



I IA11, FE 4

3 change of factor change of rang( m)

B• Ilg) 5.'34

Tr u (1 ) 0.12

P B ( 1I' ) 32.74

rr (15 I) 22

Af (1A) 75

SB( 104) - 7.5

I

4.3 Example Analysis

Above- estimated theory results and test results are shown In table 2. They are in very good

agreement. The falling point dispersion in proportion to overall dispersion caused by the dispersion

of any factor is shown in table 3.

From table 3, main factors that cause the r-ange dispcrsho.n of base bleed projectile can be

shown, They are the drag d*,spersion with base bleed, nuts.'ion dispersion, dispersion of initial

velocity and the dispersion of range wind, main factors that cause the deflection dispersion

are drift dispersion, nutation dispersion and the disperso-. of cross wind. The law obtained

I by lots of calculations and tests from this exampie Is of universal significance. The formulas

of the probable error of falling point considering above main factors are given by

I22 2 2 22 2ExBB ±Ex +Ex + xw (31)
E] =E 2 ±E, +E
Ez Ez 4- Ez + E2wI

Next, the causes of formation of main factors will be further analyzed, and the key pointL

are the drag dispersion with base bleeding, nutation dispersion and drift dispersion.

SI ) Drag dispersion with base bleeding. Bv using wind tunnel and flight test, it has been

known that the drag dispersion with base bleeding is lar:,jcr its order of magnitude is close

to that of the drag dispersion of co.:-non high explosive I~rojectile, and some time is larger.

In the wind tunnel test, the relative drag dispcrsiun of I ise bleed projcctile is around 1.5yo ,

the relative drag dispersion measured by Doppler radar is 1.6 to 1.7% , the

corresponding rclative deviation of ballistic drag coefficient is 0.6% to 0.7% , the value of
Scommon high exposive projectile is mostly 'es• than 0.5% ,and the value of 175mm

M483 high explosive projectile is only 0.2%, To analyz2 the cause of forming above phenomenon,

the influence of each factors of base bleeding on the range has been calculated, and concrete

data is shown in table 4,

I
I



FABLE 5

spin rate ( RPM) rr( ml/s ) rf/rr 1.
•----------0 1.29 1.0

6000 1.47 1.14

7200 1.48 1.15

9000 1.51 1. 17

10200 1.56 1.21

10800 1.60 1.24

It is shown from calculated results that the dispersion of burning rate and burning surface
are two main factors that affect the drag dispersion of bas,- bleed projectile, and the reasons
of forming such phemomenon can be divided into interior and external factors, the stability
of burning and ejecting of propellant, burning law of bunt. ig surface, spin rate and velocity
dispersion of projectile, random swashing effect of gas ".Lw of ignition propellant on bleed
propellent, and sudden disturbance of meteorologic elements on trajectory, etc, all these would
randomly affect the burning of bleed propelllent and flowing of gas, and cause base drag
dispersion, these have been proved by tests, it is shown from firing test that the dispersion
of falling point is also large when the dispersion of burning time is large, the burning test
is 2&s and that in firing test is 24s, even decryascs to 13s, In ground spin test, the burming
rate wouid increase when the spin rate increases, the data is shown in table 5. Based
on above tests and analysis, it is shown tha.t the controlling of stability of burning rate and
surface is vcry important to reduce the drag dispersion of base bleed.

(2) The nutation dispersion. Factors that cause the nutation dispersion are very complicated.
From the moment when a projectile is charged into bore to the end after effect
period, or, in overall launch process, factors that cause the nutation would exist all along.
The malalignmcnt of band - engraving, imbalance of projectile, the clearance between bourrlet
and tube, non - stableness of in bore motion of prolectile, the jump of pressure in
bore and the vibration of barrel, etc, all these Nsould cause random yawing of
projectile in bore. For ,he low drag high explosive projectik of extended range with bourrelet
nub, the position of nub on bod, shape or nub, canted an'le of nub would all affect greatly
the motion of' projectile in bore. For example, for some , ojectile, the intial maximum extent
of the nutation is 150 , after improving the conditiin of the motion of projectile in
bore, it is reduced to 5' . By using firing test and theoretical calcultation, it is
proved that the precision would be improve6 if the notation angle is controlled to be le5ss
than 5"

S3 ) Drift dispersion. For a spin - stabiliz,-d projectile, the drift is caused by the repose
angle, the dispersion of repose angle is the reason that affects directly the drift
dispersion, and the dispersion of spin rate velocity would also cause the drift
dispersion, the setting error of nub, especal!,/ the error of canted angle of nub wou)ld affect
the dispersion of spin rakt, and cause th ift Dispersion,formula of the drift dispersion
k give in the form,

E - yzXtgl)o (32

where Fz,-the probable error of drifh dispersion; X - range; 0 ,- the angle of d cqaLrdUre;
Y drift coefficient, its value is 0.0005 to ).002, goner; Ily adopted 0.0•l1

5. DISPERSION CHARACTIR OF LOW I)RA(G PRC1 (FIUt7lL
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Sprojectile - 1 ballistic coefficient

M107 155 0.51

M46 130 0.472

M62 152 0.529

ERFB 155 0.38

ERFB - BB 155 0.28

To extend range, the drag must be reduced in a large extent. The drag of low drag extended
range projectile is about half as large as that of old ccmrron high explosive projectile. Ifthe ballistic coefficient is used as standard, ats variation is shown in table 6.

To extend range, initial velocity also must be increaý,ed, however, sensitivity factors are increased
largely, the data is given in table 7. ax ax
Compare with M107155mm projectile, av. and -- E of ERFB 155 and ERFB - BB
155 rospectiv., is inc(reased 2 -.L timnes and 3.1 times.
Secondly, the relative change of the drag coefficient or the ballistic coefficient of low drag
projectile is increased largely. Define relative change as

I Ec E°ý 100%
C (33)

where E, - the probable error of ballistic 'oefficient; c - ballistic coefficient; E, -the relative
change of the dispersion of ballistic coefficient.
Be:caise the bailistic coefficient c of base bleed projectile is reduced, even if E, 1 is maintained
constant, EL would be reduced, oesides, because of the base bleed dnit, the drag dispersionof base bleed is increased, E•1 of base bleed projectile is also larger than that of common
high explosive projectile, and F, would be still largeýr.

F ( c=i(!E 34)
X: fC 34

aXv J

aX aXIFi•in al:.k'ne t'nxm•nh., h.XULLtV the k t fig p-ee¶.!ik." is addckl thc xvi, bled! unit, F,
art increa.>-. This problem is caresd by the h .W drag prC, :1lk. itself, dc,.,nr,, 1lit e reetly
(deal with the relation of extcedcd range with dlspcrý,, otnhcrwise, they ýWould ,A:tend
to ,,e ard neglcct the othet.

6. DIEMONSTRATION AND DISTRIB UTION OF: IN DEX 0): t}R[X ISI()N (-I
BASE HI EED PROJECTILEI

Under the condition of strict contrrlliing PFreesore tCSa the , T flt; 1 nec {1i n(.t 1tI
_O 1" n st be about the -, no I-or the (,t"d!ekJd lunge high eAp~laivC tl, ox!l, 1.

II
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lABLE 7

paX aXproaectilev

M107 155 28.5 99.5

M46 130 39 107

M62 152 29 116

FRFB 155 62 220

ERFB- B,- 155 92 310

dispersion is not main, at the stage of preliminary design main attention must be paid to
the range dispersion. Use following formula

) aX E

6.1 Under the Condition of Precision Index of Common High Explosive Projecti.c Known,

Determination of the Index of Precision of Base Bleed Projectile.

For cxample, following data of co:nmon high expiosive projectile: Evoa, Ec.,

aX aX aX
( 5- )a , ( -- )a, Xa, Ex., aml the data of hise tlccd projectile: ( v- )

__ ) b, Xb, are known, how to dei,-rmine Exb/Xu of base bleed projectile,
aC

adopt ý

' C) =b (O)

13v. b dd •

V :( L : K tL.c ( 35 )
K T 35

Nj: K I2X

F [ 1  2 ()F K 2 *K .... tF
X KX K
v t, 1,

Vor , il•I." ) i .l • , i ,tMI C ,l , ...K K , K <::K .1 : I licii



Kv E + .

FY X
Ex, K Ex,.

X b K 5 X 5 (37)

from ( 37) it is shown that

'Xb X&
K = K, ,-b ' or, the preci~lor, index of base bleed projectile is same as

that of high explosive projectile.

K>K Xb >Ex

K>K, Xb Ka or, the precision index of base bleed prcjectile is larger than that
of high explosive projectile.

-E, Xb E X8

K<K, Xb " X, ' '' the pi-ecisicn index of base bleed prolecti~c is less thanI that of high explosive projectile, aX ax

where, K denotes the amplification of sensitivity factors av , ac K 5
denotes :xendcd range rate; K 3 and K, denote amplification of Eb. and E,. Hernce, some
conclusions can be obtained: Under tae condition that E. ind E- of two kinds of projectile
are k.-eped constant, if the amplification c" scnsit;vity fact(, s is equal to tne extended range
ra.c, the precision index may be keeped constant. Taking ERFBI55 and ERFB - BB155 for

ExI ExA
example, K = 1.5, K 5- 1.3, or, K>Ks, yield X-o Xa
Above - mentioned dizussion is made under Ev. a- Ev. ., E-", Ecb. In fact, E,, .= E. b may
be received, but E., is not equal to E•. generally, Its reason has been discussed above. When
demonstrating, corrcct estimating Eb is very Important. In terms of wind tunnel tests
and experience, it is reasonable to asa1me ECb" ( 1.2"- 1.4) Ec. for preliminary
design, hence

4 C
Ec = (1.2 - .4)•- Ec (38)

take FRFB155 for example, ) 62, ( IC ) 220. C= 0.38, E voa=

ax 0 aX
1.62. Fa= 0.5, '.= 30000., ( C ) b= 310, ( - ) b= 92. Cb= 0.28, Xi,-319(0m,

result are given by calculation as follows: °

Sx. I Ex I
m.201 

b 131I b

6 2 Distribution of Precision Index and Dcsi:,,n

Next, put main factors that af,cct precision as standards, to distribute the precision
inuex, and to design strccture under the condition of eisuring precision index.
it 1K, E,, L, V,, 0 ,, X are known, stcp '.q distribute the index and to design are given
a, folIovs

( a I l),trIbu!ion of index and detcrninati in of dispcrsion probable error F . i, V-1., caulsedI h,, c.cr factor, Or.

/I



E .~.. ..ii a =C L |

Xi 2 X IA 6 Z

E " -, 2. . . 2

"Xv :=C [•Zzw 7 7.

C E'

wVhere, coefficient C1  C 7 ran be determined by lots of statistic data and experience.
SO C0 l' "0 Ex - X E zz, E6 Ez,y, can be yielded.

(b ) )cIcrinination of scmsitivity factors of every factor. With c, v,, 0 o, sensitivity

factors . .. , a . of ev.ry factor can t yiekicd via billsic tables and cquations.9;C a 6 v.

c) Determination of probable error of' dispersion factory

ax- 31 = E X tgO

-- E- ExZE = E Z (39)

from above, E.BB, •6 .., E., Y z, E,, cai,. be determined.

(d ) Detenninaticn of prubable error of dispersion of every factor assumed to satisfy needs,
and determination of the structure of gun system, or, presentation as advanced index such
as E.., EcBB. According to the probable error of the dispersion of every factor, when the
base bleed unit, propellant structure, projewflle/gun st,ucture, etc, are considered, as
the result of respective error of every factor Is reached, E.. /X and Ez that statisfy neecds
would be obtained. This Is the process of combinirng theory and experiment, among
other some theorical problems are not completely solvz I and satisfactory results would
be obtained when modified design and test are taken aLp in and again.
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ABSTRACT

The feasibility and performance of self propelled, gun
launched proiectiles by means of solid fuel ramiet (SFRJ)
motor is studied. It is demonstrated that the SFRJ can
provide remarkable improvement of the projectile performance
witnout changing the weapon itself. Consuming amount of
fuel which is comparable to that of base bleed round. the
SFRJ can generate thrust-equal-drag situation resulting in
more than doubling the effective range compared to theI modest ranee increase of the order of 20%. offered by base
bleed The much hieher terminal velocity and kinetic energy
alone with shorter flight time and flatter trajectory can
make the SFRJ projectile significantly more effective,
particularly for air defense systems.

INTRODUCTION

Increasing the terminal velocity and the range of a
projectile can be done ov several methods: (a) bv increasine

Sthe muzzie momentum of the projectile, (b) by reducing the
aerodynamic drag, and (c) bv providing active propuision to
the projectile during its flight. Increased muzzle

i I momentum can be achieved bv either increasing the muzzle
velocity and/or the projectile mass. Both imply changes in
the gun svstem to ac2ommodate the higher pressure and
propellant amount involved, which actuallv mean a new design

R I of the weapon. Drae reduction can be achieved by either the
use of .smaller, cross-section, high density material, sub-
caliber projectile, or by raising the base pressure closer
to the ambient pressure using injection of fluid (burning or
non-burning) near the projectile base zone (so called "base
bleed"). Base dra_ is a significant portion of the total
aerodynamic drag•, (whose other components are skin friction
draF and fort or waqe drag), and the most amenable to
chanse, Ncoverthaless. a maximum reduction of about 253% of
the tot7.1 drap can be. achieved due to the use of base bleed.
hence tne Proiectile ranee increase is typically limited to
approi-mAtelv 5 'to 20%.

Data an,< coýrolatJon3 on the total projectile drag and the
differerrnt rrag compoi,<'nts exhibit quite a spread although
reflectini,! zmiJ.;r t1pical behavior. The total dragUI! ______



o.'ett ic ut. C I based on the free , stream dynamic- pressure

and the maximum cross--section of the uro iectile) has a
r•'lativelv low value (apuroximatelv 0.1 ) in the subsonic
rang•e which increases sharply to reach a maximum ot 0.3-U..4
in the transonic ranEe (around MI:l.-1.3) and then decreases
monotonicallv in the sunersonic flight range. The base dras
Icoetficient Cb demonstrates similar behavior. Hudoins Jr.

D b
[I] Igives the tol.owinc: empi rical correlation for C versus

Db
Mach numoer

e- 0 .353 MM 1-
to -r 0. 306 e 0 3 3 MM = i--8 (1)

while Murthv and Osborn [.21 correlate some experimental data
in the Mach number ranse ,,of 1.5 to '3. using another
approximation:

C 0.. M 1.5 t2)1) b -- M2

Summarizing the data and analyses in Refs. (1l-ES] one can see
that the base dras compooio•nt is indeed a laree portion of
the total draR (of the order of one third). See Fi_. 1.
The correlation used in this work to represent the ýtctall
aerodynamic drag coefficient is shown in Eq. (3):

S~CD, Cob

0.5I- Eq.(3)

EMPIRICAL CORRELATION [1] , Eq.( I)

0.4 - EMPIRICAL CORRELATION [2], Eq.(2)

THEORY [3]

THEORY [4]
0.3 .

TEST RESULTS [s5

S. %CD or CDb RANGE

0.2 C •

0.1

C D b -/

_ _ _ _ _ __ ___ L I •-

0 I 2 3 4 5 6

FIGURE I. Tvuical variation of tt, e total and bass dram
coefficients of proiecti l-es with Mach number.



fI: 0. .3 b, M 0 .. '7 M 0. 14 M < 1.2

t . 2. .1.2 M< 1.3 (3)

U,3 -8.U' 2 M M > 1.3

investigations on base drag reduction by base bleed (usually
by means of a solid propellant Fas generator. so-called
"fumer"). have shown a decrease in the value of C Db to 50%

and even less compared to its original value [I1. [4. 1[5].
The effect is more pronounced for the .3upersonic flight
ranee IM>1.5)). The optimal situation (maximuii base orag
reduction) requires. howevei., an iniection of gAs amounting,
to 0.03u of the reference flow rate mref for cold zas (air)
and to about 0.013-mref for hot _as [1]. mref is defined as

u rAef p auaAmax (4)

Illustration of a projectile with base bleed is shown irn
Fig. 2.

Active propulsion for, projectiles can be done by two main
methods: rocket motor (rocket assisted projectile, RAP) or
solid fuel ramiet (SFRJ) motor. The rocket motor is a
simple and reliable propulsion means, which is independent
of fliht conditions. Its main disadvantage is its high
propellant consumption rate and low specific impulse.
resulting in a limited total momentum that can be provided
for thý. proiectile and. hence. limited improvement in the
overall performance. In addition. the RAP operation
inherently introduces lareer trajectory errors and
inaccuracies. The RAP concept is shown in Fig. 3.

The solid fuel ramjet seems to be "naturally tailored" to
the specific use of propelling projectiles. Muz ;le
conditions provide the necessary high velocity needed for
the aerodynamic compression. which is essential for the SFRJ
operation. This way the _eun system serves as an economical.
high accuracy accelerator. avoiding the need for a special
rocket-tvpe booster stage. The ramiet iftotor then starts to
operate upon leaving the gun barrel. The main advantage of
ramiet over rocket is in its much higher specific impulse
(of the order of 800-1000 seconds versus 200 seconds
approximateiv) resultine in a much smaller fuel consumption
ratc. Hence. it can provide much higher total impulse to
the projectile. applied as a certain thrust for the required
amount of time.

The SFRJ is the simplest air breathing engine. It does not
contain any moving: oarts. valves. storaee tanks. or
injection systems. It consists of a diffuser, a combustion
chamber. and a nozzle. The solid fuel erain, tvpicallv of a
hollow cylinder shape, is placed in the combustion chamber,
and the incoming air flows through its port. It should beI

I=,_ __ _
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FIGURE 3. Rocket assisted projectile (RAP).
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()Center body (external comoressicri) in~let:

FIGURE 4. Solid fuel ram-iet (SFRJ) Projectiles.



A 1W' I' tý,J h,,w,)wr, t tlii t: Iie S)'RJ i S a more c(Iomp.ex motor than

',ke I., d rid s ,t )erar . I o depends on s_.vera[ " fac-tors that do
not ,t tlt'tect t.he rocket motor'. such as tl.:ight 1•ach number.
do-s i tv and temerat-tire ot the atmosphere. and the angle of
attac k ,Lire o ueent thv c-oncept of an SFRJ pro iectil e
wi. p two d~t terent inlet types: a simple pitot diffuser and

_•m~ ~ o •hg er"Detor'manc(e. eýxte~t'lIA], compressi~on center-body
I ~ ~~ (J, t" I ge.

It is desirable that a sel. f propel)led pro jectile operates at
thrust-eoual-draR situation. Such conditions imply a pure
(vacuum) bal listic tra iectory. enabling hitch precision and
sei[ correctins action against winds. .tn eneral. the SFRJi IMotor, C0o1pe~nsates tor vari~ations i~n the atmosphere density

as a result o" the similar effect of the densitv on the drag
arnd rhe thrust.

The objective of this work is to present the operation
characteristics of SFRJ self-propelled gLun launched
orojectiles. it will be shown that for an amount of fuel
Ssimilar to the amount of proiellant needed for base drag
reduction by base bleed. the superiority of the SFRJ system
in terms of projectile performance is essential. The
thrust-equal-drag condition implies a constant flight
velocity, more-or-less. equal to the muzzle velocity. ThisI situation results in a number of significant advantages: (a)
the terminal kinetic ener.\, of the projectile remains equal
to that at the muzzle exit implying the maximum penetrationI potential. The improvement is more pronounced in the case
of small caliber projectiles because of the larger ratio
between drag and mass. (b) The trajectory is flatter than
in regular rounds. causine easier aiming and better
precision. (c) The time in flight may be much shorter. a
major advantage particularly for air defense systems, also
reducing wind effects. (d) The range may be increased by a
factor of 2 and even more (61, compared to a maximum range
increase of about 20% expected for based bleed projectiles.

Figure 5 demonstrates the striking superiority of a thrust--
equal--drag operation. which is supposed to be achieved for
an SFRJ projectile. cumpared to regular and base bleed
rounds. regarding the velocity, kinetic energy, and time
along the path. Calculation and data (71, (8] are presented
for a b.bb mm. 3.6 gram projectile. with a muzzle velocity
of 990 m/s.I
THE SFRJ PROJECTILE - GENERAL CHARACTERISTICS

Detailed configuration and notation characterizing an SFRJ
.rojectile having a pitot-tvpe inlet are shown in Fig. 6.
An m mass flow rate of air at supersonic flight speed u

IIa -a

and Mach number Ma enters the diffuser through a normal

shock wave. The resulting subsonic flow is then expanding
from the inlet cross section A. into the combustion

inI
chme.foig hg h ylnrclpr (rs eto
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FIGURE 5. Variations of the (a) velocitv. (b) kinetic enrzv.
and (c) flizht time along the path of reFular. base bleed.
and thrust-eauaI-drag. 5.56 mm projectiles.
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FIGURF 6. ceomý.trv and notation of an SFRJ motor with a
oitot diffuser.

A ) of the fuel _rain. "fhe inlUet step. represented by the

area ratio A p/Ain. :e ssential to'o flame stubilization,

eoec.4all'i at low air temperature co:-respondiini to low
flight Mach number (up to about Ma:=3) [9.)-[11] The fue.,

typicaliv a hydrocarbon (HCý polvymer, burns with the air,
heatine the eas mnixture to its stagnation combusti.on
temperature T while the surface regresses radially at a

typical regression rate, r, affected ov the air mass flux
throueh the port, the inlet air temperature. the fuel type,
and some other operation parameters (e.g.. combustor
Ieometrv).

Optimal operation implies that the exit pressure pe is equal

to the ambient pressure pa (adapted nozzle). Maximum thrust

at eiven flieht conditions results from a stoichiometric
fuel/air ratio (equivalence ratio, 0ýi).

A general theoretical plot of the specific thrust F/ma and

the specific drag D/ma versus Mach number can be drawn,

using the ratio between the air capture area (A=A 1) ind the

maximum proiectile cross,-section area Amax as a parameter.

The effect of combustion efficiency on the thrust can be
shown too (see Fig. 7). In the calculation of Fie. 7, a
hvdroxvl-terminated polvbutadiene (HTPB) fuel was .-ssumed at
sea level flight conditions with a pitot (normal .s'ock)
diffuser. Stagnation pressure losses resultinp from the
normal shock wave in addition to 5% losses from other
processes (e.g. heat addition) were assumed as well.
Somewhat better performance can be obtained from an improved

-- I (center-body) diffuser (FiF. 6). The stagnation pressure
losses of a pitot (normal shock) diffuser and a typical
imDroved diffuser (12] are shown in Fig. 9.

I_
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3 The thrust eauation (adapted nozzle conditions) is:

" M [(I+f)u -u P p (5)

where f is the fuel-to-air ratio:

I- t6)

a

The exit let velocity was calculated from

V[- (7)

I Pc is the stagnation pressure at the end of the combustion

chamber. calculated from the ambient pressure. fliht Mach
number. and staznation pressure losses, as described above.
T c is the stagnation chamber temperature obtained from the

theoretical flame temperature calculated by a thermochemical
computer code [i31 (alone with other gas properties such as
Cpc and -), and the combustion efficiency defineci as

T -T
= Tc oa

c.th oa

where

T = Ta 1 + V1 M 2 (9)

- 1.0

J 0.8
S'IMPROVED

u) 0.6 (CENTER BODY)

Q-w
zO 0.4
o PITOT

W 0.2 (NORMAL SHOCK)

z

W 2 3 4 5
FLIGHT MACH NUMBER, Ma

I 'i(;IJRE 9. Stagnation pressure recovery in a pitot (normal
shoLi) diffuser and in a typical improved diffuser.
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Aerodvnamic dram was calculated by

L = C) u 2 A 10)
L) a a max

where the value ot CD was obtained from Eq. 3
From Fies. / and 8 one can draw the minimum A /A ratio

a max
necessary to obtain tfirust-equ&-P-dra2 conditions at each
Mach number (F.r.U) Note that lower combustion
etficiencv implies larRer A /A ratio. Figure 10a max -

demonstrates the superioritv of a- improved (center-bodv)
diffuser compared to a Pitot diffuser

Constraints on A /A ratio may be relieved to some extent
a max

bw addin_ some amount of oxidizer to the SFRJ fuel, thereby
reducin_ the required amount of air. Between 'the two
limiting cases, pure SFRJ (only fuel) and pure rocket (no
air), i.e. RAP, lie the different (increasine) oxidizer
-ercentaees imolvinr decreasing I values. Figure i1 shows

sD
the variations o'f the minimum A /A ratio required for•, -,a max
thrust-equal-drag operation versus M for different fuel (ora

propeliant)/air ratios associated with different: oxidizer
fractions in the fuel, maintainine overall stoichiometric
fuel(+ oxidizer)/air ratio. HTPB fuel and ammonium-
perchlorate (AP) oxidizer as well as pitot-tvpe diffuser
were used in the calculations.

As has been mentioned before, aloinR with increasing the
specific thrust F/mi, the uE:c of oxidizer in addition to the

fuel results in a penalty of a reduced specific impulse

Amo.
Aa 71 
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necessary to achieve thrust- number demonst. ratin.
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defir, ned as:

I s _ (Ji)SI
Fieure 12 demonstrates the variations in F/m . in I and

a sp
in f with the oxidizer fraction in the fuel for the specific
flight conditions of M a=3 at sea level, with a pitot diffuser

and nb=90%.

Orne should be aware of the fact that higher specific impulse
means more economical use of the fuel (or propellant). i.e..
smaller fuel consumption rate mf for the same thrust level.

For a _iven mission. say. thrust-equal-dra_2 operation. it
means loneer burn time (and range) per iiven amount of fuel.
The fuel flow race necessary to maintain thrust-equal-drag
operation of a proiectile at Mach number of 3 is given in
Fie. 13 (normalized bv a reference flow rate) as a function
of the oxidizer mass fraction in the fuel or propellant.
The two extreme cases. SFRJ with pure fuel (zero oxidizer)
and pure rocket (no air) are obvious. A more complete idea
on the fuel "or propellant) flow rate necessary to maintain
thrust-equal- drag, can be revealed bv Fi.ý. 14. sho'4ing the
variation of the fuel (or propellant) flow rate (normalized

Is PURE SFRJ PURE ROCKET F FN
(NO AP) (NO AIR) Ma [I7hj
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SI :" 2200
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FIGURE 13. Variation of the fuel (or propellant) flow
rate necessarY for thrust-eaual-dra_ operat.ion as a
function of the oxidizer mass fraction at fliEht Mach
number of 3.. Pitot diffuser. %b=90%.
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ov a reference flow rate) with the f].Aight Mach number for
di t ferent t uel --ox idi zer combi nations bet.wee n pure S F'FJ

if=0.074. zero oxidizer) and a pure rocket (RAP). havingI sTecitic impulse of z30 s. For comparison. the typical base
bleed operation range (which does not even come close to
thrust-equal-drag conditions) is also shown in Fi.. .14. The
figure demonstrates the remarkable superiority of the SFRJ
proiectile versus RAP with regard to fuel consumption rate
(factor of approximate]v 4). In addition. it reveals that
the fuel flow rate of art SF RJ proieczile eivine thrust-
equal-drag. is comparabie and even lower than typical base
bleed flow rates. whose improvement with re-'ard to
projectijle performance is only a small fraction of the
SFRJ' s.

I INTERNAL BALLISTICS AND ,*ONSTRAINTS

The general requirements from an SFRJ projectile, as
presented in the previous chapter, should be examined in the
lieht of the internal ballistics of the SFRJ motor.
internal flow, combustion process, heat addition. and
f:ameholdinz characteristics, in addition to _eeometric,
construction and other constraints may. in some cases,
contradict the mission requirements (such as certain thrust
at given velocity and burning time), hence. questioning the

SFRJ as a practical solution for self propelled projectiles
in certain conditions.

The basic operation limit is due to flow choking in the
icombustion chamber (M4 = 1) as a result of the heat addition.

This should set the lowest value of the ratio between the
fuel port area and the air capture area, A p/A a. The

operation limit can be found fromn the continuity equation:

ma = l+fm (12)

taking into account the heat addition in the constant cross
section combustor, and the stagnation pressure losses
resultine from the inlet shock waves and from the
combustion process. The calcul3tions were made for a pitot
(normal shock) diffuser. usine thermochemical code [13] to
compute the thEoretical stagnation combustion temperature.
Combustion efficiency of 90% was assumed [14].

Table 1 shows calculated values of temperaturres and
pressures for, a pitot diffuser SFRJ motor operating at sea
level with ambient temperature of 288 K, and M 4= . HTPB

fuel at st:oichiometric ratio was assumed.I
I
I
I



'TABLE 1 Starnation Air, and Combustion Temperatures and
,Stanation Pressure Racio Versus Fl~iht Mach Number,.

SM T• [K] T K1( T [K])c
M a oa c. th [ c (r bz90% K Poa

2 51.8 2471 2276 0.59
8 "(7, 2623 2441 0.27

4 1210 285b 2691 0.12

5 1728 3077 2942 0.054

Fieure 15 presents the operation, limits of the SFRJ motor in
terms of the minimum A p/Aa ratio versus the flight Mach

number Ma, based on the data of Table 1. As can be seen

from Fig. 15, the operation limit may be even narrower for
small caliber projectiles at the lower Mach number range due
to the deteriorating flameholding capability, requiring
larger inlet step height under these conditions. as reported
by Netzer and Ganv [11]. Note that. in general. smaller
ratio A /A is desirable. since it means that a larger

p a
amount of solid fuel can be placed in the combustor volume.

FLAMEHOL.DING
3 LIMIT

AP rd P.10 MM

Ap\\ 3dOmm

-\ 1OOmm OPERATION
ZONE

2-
COMBUSTORL CHOKING, M 4 =I

FUEL '.HTPB

STOICHIOMETRIC RATIO
7 b = 90 %

PITOT (NOPMAL SHOCKý DIFFUSER

0 I 2 3 4 5

FLIGHT MACH NUMBER , Mc,

IGUI.RE 15. uOeration limits of an SFRJ motor due to
combustzr 's ftlow choking and flameholdinE reouirements.
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"The overation limit in terms or A /A can determine the fuelSa

butr, ning rc-te and burninp time and, hence, the pro-iectile
range w i.th active, thrust-equal-drap propu.3.i.on, provided
that some Reometlric parameters are gi'ven.

Subs titu t ink

mf f na 1 .3)

* and

mf io-ud Lr (14)

one obtains

af "Pa " a .
r )

f CmaxI max

It is convenient to relate the fuel length L and the
different diameters to the projectile diameter. dmax' as a

basis for Peometric similarity.

The requirement for constant thrust at constant flight speed
I implies fixed fuel consumption rate. i.e..

r'd const = r d (16)

The fuel burninR time can then be founcd from the web
thickness. by integrating Eq. (16) for dp from dP. to dc

(external fuel diameter):

2d -d2
t c . (17)

b 4ro dp.

rt should be noted that Eqs. (15) and (17) contain two free

parmetrs:L/dmaxand d cc(r by some manipulations.
d /d .Those are design. aeometric (construction)

c max
parameters. For given flight Mach nurber and simi.lar
geometric ratios. the initial value of r is found to be
independent of the projectile diameter. and inversely
dependent on L/dmax

K1
o (L/d 1i)

max

where K is a constant. In the specific conditions of M a.3

and d /d =0.8 (namely. the combustor metal wall thicknessc max
is 10% of the projectile diameter d ma) . when using HTPB

fuel of p,=0.95 I/cc and -br90%. the val~ie of KI is found toI
__ __!_ _



tbe apmrx ,× X.1l, ] ,: v ,A mri.s 5 0 ':an be control.led by chantiin,

the* rat l o, t ( ,/e hcr instance..' L./d :=J e r' =2s
may max o

mm/s. Uhe value of r° should increase when increasing the

-i i..ht Mach r.umber (up to ,-ibout 'S mm/s at M =5 for the same

m.cimetrv and Iuel .lie ex>uerimental results and empirical
corIrelat ions of the resr'ession rate ot an HTPB--based fuel.
1 1.11 Andicate that the reouired regression rates mentioned
above are a': ni.evable in the typical. conditions, particularly
for small cai.,er proiectiles (e.g. 20 mill). Furthermore.
data on small port diameter, 5HR combustors (1.5] reveal
tixed toel consumption rate (ac,-ordlne to the desirable
situation prese.:nted by Eq . 16) ! nd, heince. constant
fuel/air ratio I during the combustion. permitting optimal
performance tnroughout the combustor operation. Fuel
regression rate was found to be lower for larger port
diameter combustors (15], hence, fast burning fuels should
be used in such cases. In addit:ion, regression rate
correlations for large port diameter fuels [91, (161
indicate that the fuel consumrtion rate as well as the
fuel/air ratio myv varv a little during the combustion.
because of the increase in the port diameter, thus some
deviations from optimal operation conditions may be
expected.

The burning time t h, which is equivalent to the duration of

the propelled stageý of the flight. is one of the most
important factors for evaluating the SFRJ proJectile system.
For a given flight speed. tb determines the propelled stage

range. In the case of projectiles flying at a given Mach
number and having geometric similarity, tb is found to be

directly proportional to L/d and to the projectile:/ ~max"
diameter d max

tb K2 I 3Lma (19)
max m

F2 ic 3 cons,-ant which, under the specific conditions giving

KI -8 mm/s has P value of 0.023, approximately, when tb is

in seconds and dmax in millimeters. Table 2 presents some

examples of calculated barn time results based on the
comb'stor opcration limit shown in Fig. 15.

Equution (19) suggests that under the same conditions, where
the firing angle is relatively small, the propelled stage
ranee, R, is approximately:

R K 3  " max (20)

The specific conditions of M a=3 and d c/d max=0.8 yield

K 3--23.5. where R is in meters and dmax in millimeters.



TA I A•LE 2. Example of Calculated Burn-Times of ,SFRJ Propelled
Pro iectiles at. Different Mach Numbers and Normali.2zed Fuel
Lengths.

caliber burn-timne. th Is)

d m~-'• M=5
Lid =4 L/d =6 L/d =4 L/d =6max max max max

20 1.8 2.8 1.0 1.5

40 3.'7 5.5 2.0 3.0

1 059,7 14.5 5.2 7.9

Although the burn-time is significantly affected by the
flight Mach number. the effect of Mach number on the range
is only secondary, as the range is a product of tb and u a'

Note that more severe constraints are imposed on the SFRJ

combustor for d <10 mm because of flameholdini deterioration

in smaller port diameter motors [11]. In such cases shorter
burn-time and range are expected. d of 10 mm corresponds

to projectile caliber of about 20 mm (it was found that

I d p.min ý 0.5 d max). Flameholdine constraints associated with

the inlet air temperature effect could also cause
difficulties in achieving the performance predicted by the
combustor choking limit in the lower Mach number range. For
instance, at Mach 2, even combustors with fuel port diameteras large as 100 mm may yield somewhat lower performance.

Figure 16 presents the predicted propelled flight range
versus the projectile caliber for SFRJ projectiles of

24
L./d mox.

8 
/

"" 6

2 26

4 -2

08

0 • 20 40 60 ' :00 120
2PROJECTILE CALIBER, droox [mm]

FIGURF lb. Calculated propel •d stage range of SFRJ
projectiles having geometric s. milarity versus projectile
caliber dmax for different fuel length to projectile

diameter ratios. M =3. p.itot diffuser. Yb=90%

I
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different L/dmax ratios flying at Mach 3 (see Eq. (20)).

Note that operation constraints can be eased when using
iarger L/d ratios, Both propelled state time and range

max

grow linearly with the fuel length to projoicti.le diameter
ratio.' In this respect it is desirable that SFRJ pro-
jectiles have as large as possible length to diameter ratio.

CONCLUDING REMARKS

Solid fuel ramjet (SFRJ) propulsion can offer a remarkable
improvement in projectile performance in terms of terminal
velocity, kinetic energy, and range. lt can also
shorten the flight time and flatten the traiectory for a
given range, thus making aiming easier, and increasing hit
probability. particularly in air defense operations. The
SFRJ propulsion can provide thrust-equal-drag operation for
much longer flight time and range than those encountered in
rocket assisted projectiles (RAP). The performance
superiority of the SFRJ is especially striking when being
compared to base bleed projectiles. For approximately the
same fuel (or propellant) mass flow rate. the former can
double or even triple the effective projectile range, while
the latter can only cancel approximately 25% of the overall
drag by reducing the base drag, thus can offer a modest
increase of about 20% in the Projectile range.

It should be noted. however, that the SFRJ projectile is not
only more complicated, but also has some inherent operation
constraints resulting in poor volumetric efficiency of the
fuel. This is due to the empty port volume required as well
as because of the much lower fuel density in the SFRJ. As
a result the effective fuel volume in the SFRJ will be about
three times larger than that of a base bleed propellant
having similar mass. This may require projectiles of length
to diameter ratios larger than usual.

One should also bear in mind, that more severe operation
constraints may be encountered in small caliber SFRJ
projectiles due to deterioration of the combustor's
flameholding capability.
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NOMENCLATURE

A cross section area
cP specific heat at constant pressure

C C drae coefficient

d diameter,
D dra_ force



E kinetic enerkv

f luel/air ratio
F thrust

L standard Eravitv acceleration

i specific impulse

K1 constant (Eq. (18))

K2 constant (Eq. (19))

K3 constant (Eq. (20))

L fuel grain length

m mass flow rate
M Mach number
p pressure

r fuel regression rateI R range
t time
u velocity
r specific heat ratioI? combustion efficiency

p density
* equivalence ratio

Subsc g ri-p ts

1 station behind inlet normal shock
2 station at the bezinnine of combustor
4 station at the end of fuel grain
a ambient (or flight) conditions: air
b base conditions: burninE
c stagnation conditions at combustor end
e nozzle exit plane
f fuel
in combustor inlet
max maximum; largest projectile cross section
min minimum
C c stagnation (total) conditions: initial
p fuel port

ref reference (Eq. (41)
th theoretical
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ABSTRACT

Composite solid propellants were studied in order to obtain optimized
propellant with good properties and processibility required for base
bleed applications. HTPB propellant with Ammonium Perchlorate oxydizer
ratio from 70 up to 80 % loading is selected after thermodynamical
calculations.

This paper describes the mechanical and ballistic properties of the
optimized propellant and the importance of each parameter.

INTRODUCTION

The base bleed effect increases the shell range by reducing the projec-
tile base drag. The system consists in injecting hot and reductive
propellant gases at the shell base.
Before experimental investigations, the propellant specialist determines
the burning gas theoretical composition and the temperature with the
help of classical thermodynamical calculations.
During the following experimental propellant optimization, he looks more
particularly :

- To obtain a propellant grain with appropriated mechanical proper-
ties in order to ensure structural integrity during gun firing
tests.

- To give the required burning rate under sub-atmospheric pres-
sure.

- To reduce production costs due to mixing time and tooling immo-
bilization.

Then, the optimized propellant is incorporated into an industrial context
to satisfy technical and economical requirements in order to get a base
bleed generator with the best performances at the best cost.



TIHEORETICAiI EVALUATION

Propellant formulation evaluations were performed initially with thermo-
dynamical program. Optinmum oxidizer loadings were determined with the
used polymeric binder system. The optimization was based on the heat
of combustion, density, and fuel ratio.
Propellants based on initial formulations were nixed, and Strand Burn-
ing rate, mechanical properties, and density determined.
From these initial formulations, additional modifications were introduced
to evaluate the burning rate range capability and mechanical properties
improvement. Working life evaluations were also performed..

TH ;RMODYNAMIICAL PROPERTIES

The type of composite propellant is composed of a polymeric binder
(here a HTPB) loaded with an oxidizer, the ammonium perchiorate. Some
additives like bonding agent, ballistic catalyst and curing agent and
generally an amount of heat allow to obtain the final propellant material.

Composition of base bleed propellant (ex : Filler AP : 80 wt %)

Ing-redient Weight %

Binder, HTBP 18
Antioxydant 0,4
Bonding agent 0,1
Curing agent 1,4
Catalyst 0,1
Oxydizer 80

The propellant combustion delivers some gazeous, liquid and solid
species that we are able to compute with a good level of accuracy.
The thermodynamieal characteristics arc,

- C 13,63 At.G/kg
-- I 49,75
- 0 28,08
- N 6,81
- Cl 6,81

These significant products of combustion are gazeous and characterized
by :

- Heat of combustion T) : 2370' (in chamber)

- Density Q : 159' G/em3

The program delivers also some other parameters more colnmunl. used
for ballistic requirements

- Isentropic coefficient y

- Flow coefficient C.)

- Characteristic velocity C'

Where CD -:-F (Y )/!_3.b J-

with F ( f) function of the isentropic coefficient '
R i perfect gaz constant



All these parameters mainly depend on thp ,,ircentage of oxidizer and
binder.

VISCOSITY OF COMPOSITE SOLID PROPELIANT SLURRY

The viscosity of composite solid propellant slurry is an important para-
meter to the processability and castability behaviours. It is affected not
only by the birnder, but also 'by the size, content, shape and surface
properties of solid fillers in propellant.
Brookfield viscosimeter is used to measure the slurry viscosity. First it
was evaluated for process temperature specified for end-of-mix.
The viscosity of the selected propellant is less than 15 Kp at the end of
mix, for 401C temperature. These low viscosity is remained over a eight
hour period.

Figures 1 and 2 shows these results.

The viscosity of propellant slurry is significantly affected by the end-
of-mix temperature, the ratio of particle size and the ratio of content
between coarse and fine particles.

,i I0"2• ..• ISCOSIVT' KPI -SO

_.,AU1SC0SIT' (KP) 40
0 "ISCOSIV T',KPi 50

10--

... ... .... ..

l -- • --- -- --i

II 6 810

TI ME (H

FIGURE I - Vi/(-osity of the uricured prxopel"ant slurry versus time anid
different temperatures
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FIGURE 2 - Viscosity of propellant slurry for different filler ratio
and AP distributions

MECHANICAL PROPERTIES

Due to the high acceleration of the projectile longitudinal stvaXns are
developed in the bore of the grain. The propellant must therefore have
a high flexibility and ultimate tensile strain limit.
Mechanical characteristics mainly depend on the binder but also on the
particle size and on the adhesion between particles and binder.
They vary with temperature and stress rate or strain in such a way
that a time temperature equi-alence has been deterrmined for each type
of binder. A shift factor aT gives mechanical characteristics at every
temperature T if they are known in standard conditions at 20'C. All
mechanical properties (ultimate strenght. Sin, elastic modulus. E,
deformatio. al maximum strength. em) are related to the number t/aT
which takes into account the time of application of stress t and the
shift factor aT.



The tensible tests are carried out with JANAF specimen and the
properties defined according to Figure 3.

Standard tensile test on standard test

specimen at +20 0 C - Strain rate 50 mm/mn

T>pical curve

lT

I c s.UIc.)rII S

1(.of a uil~botadierw~

pro;, illaot te.ampIe

/• /-

roq tpeB

FIGURE 3 -Example for mechanical behaviour of prope!!Ait



MECRANICAL CHARACTERISTICS OPTIMIZATION

The c:ombination of IITPB/AP is a current composite propellant con,posi.-
tion, giving high p;erformance, long service life and low cost. The
nature of the fuel--binder allows high concentration of solid filler and
good anti-aging characteristics has greatly extended the solid rocket
technology. Therefore, the addition of a bonding agent is essential to
ensure the improved interaction at the binder-filber interface and i.o
have best mechanical property behaviour.

HTPB binder is hydroxylated polymeric material and, as such, is cura-
ble using isocyanates To reduce the moisture sensitivity of the curing
reaction, isophorone diisocyanate (IPDI) was selected as the .:primary
curing agent to be evaluated. To achieve sufficient Ynchanical proper-
ties of the propellant the curing ratio (NCO/OH) ranging from 0,85 : 1
up to 0,95 : 1 were evaluated.

Laboratory testing resulted in the selection of the effects of :
Binder variation, Including bonding agents.
Curing agent and AP oxidizer distribution.
Burning rate catalyst.

A series of formulations having the required burning rale were develo-
ped, and selected for evaluation in intermediate-scala propellant mixes.
All these parameters were vari;ed to assure selection of the formulation
with the highest possible strain capability and optimum processing
characteristics.
Propellant from this efforl have been successfully scaled up to the 300
Gallon mixer, and the effect of mixer size and process on propellant
processing, mechanical properties and bahstic properties have been eva-
luated.

Some examples - optimizatior for some parameters. Effects of oxidizes
particule size, curingr ratio and bonding agent ratio. Tables 1, 2, 3.
We present also the mechanical properties versus temperatures and
stress or strain rate on selected propellant. Table 4.

Coi,,,g ratio, NCO : OH
C haracteris tics -- 90-0 ' J ,9 T 0,98

Maximnirm tensile strengh :
Sm (MPa) at + 20' 1,4 1,4 1,4 1,4
Elastic modulus : E 1,MPa) 4 4 3,3 1,6
Strain at nsaximum t1:nsile (%)

Uri) 41 20 s 140

TALLE I - Curing ratio effects on meichanical chitracterist ics



Oxidizer loading (%)
Characteristics 70 75

D:30 D:35 A:65 A:55 b:53 D:40
Particule size distribution F:40 F:40 F:10 F:20 F:27 F:40
Curing ratio (NCO : O!) 0,90 0,90 0,90 0,95 0,94 0,85
Maximum tensile strengh
Sm (MPa) 1,4 2 1,1 1 1,4 1,8
Elastic modulus : E (MPa) 4 8 8 8 11 7
Strain at maximum tensile (%) :
em 90 50 50 24 31 42

TABLE 2 - Oxidizer loading and particule size distribution on mechani-
cal characteristics

Bouding agent ratio (%)
Characteristics 0,5- 0,3 -- 0,1--- 0-

Maximale tensile strengh : Sm (MPa)
at + 200C 2 1,6 1,4 1,2
Elastic modulus : E (MPa) 8 7 8 8
Strain at maximum tensile (%) : em 50 47 36 32

TABLE 3 - Bonding agent ratio on mechanical characteristics

Temp. R Sm Eps E.tg em er
•C) (mm/mn) (MPa) (M) (MPM) (%) (%)

- 60 1 6,46 8,3 77,76 16,9 20,3
- 60 50 8,30 6,2 133,71 11,8 12,3
- 60 500 9,77 4,0 243,76 8,0 8,7

+ 20 1 1,40 30,3 4,64 38,1 38,9
+ 20 50 1,93 31,6 6,10 52,2 56,2
+ 20 500 2,36 28,9 8,16 56,5 66.8

* 40 1 1,07 29,8 3,59 39,2 40,0
+ 40 50 1,51 32,7 4,62 52,1 55,2
+ 40 500 1,84 30,9 ,.,q? 54,5 66,2

TABLE 4 - Mechancal characteristics versus temperatures and strain
rate for a selected propellant

BALLISTIC PROPERTIES

Ballistic properties are defined by the burning rate of the propellant
whicih depend mainly on the particles ratio and Fzizes and oi the quan-
tity o' balistic additives (accelerators),
BesidWos, the Lu-r.inv rate is also I~roportionnal to the initial temperatu-
re of tht ,ropellant.



The equation of the burning rate is

V b = apn

Where a and n are the characteristics of the propellant.

Pressure

FIGURE 4 - Burning rate versus pressure

The burning rate of the propellant, in our case, is measured by the
"Strand Burner" method, in nitrogen, and in a large range of atmos-
pheric and subatmospheric pressures.
At the ambient temperature, the range of' the burning rate must be

0,9< V C 1,5 (minIs)

This range is optimized for different propellant grain dimensions.

The experimental propellant, in atmospheric pressure and T* = 20'C, is
selected for Ve = 1,22 mm/s.c
Figure 5 shows experimental results burning rate versus pressure.
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FIGURE 5 - Burning rate versus pressure

BURNING RATE OPTIMIZATION

In general, the hinder has a relatively small influence on the burning
rate.
The burning rate is governec more particularly by the amlnonium per-
chlwhtc. (AP) oxidizer.

The investigations on the oxidizer are
oxidizerT- atio (Filler ratio)
p.•rtickile size distribulion
!)tirticule size, diameter 0)

Some additives govern also the bu'0ning rate
Ballistic catalys,
Carbon Black



If the ballistic catalyst is a burning rate Adjuster, the carbon black is
an opacifier, which decreases reflectivity and increase radiative absorp-
tion at propellant surface. He cannot be recognized to be an active
catalyst particularly at subatmospheric pressures.

.['ffect of the fillet' ratio

Filler ratio is chosen, essentially, on the base of the thermodynamical
calculations. To obtain the required burning rate it is necessary to
optimize the other parameters.

Particle size distribution
Balistic catalyst ratio

Table 5 shows the results for constant burning rate.

Filler ratio (%)
Characteristics 70 75 80

Particole size distribution D:30 D:35 A:65 A:55 b:53 D:40
F:40 F:40 F:10 F:20 F:27 F:40

Burning rate (mrm/s) 1,25 1,26 1,22 1,27 1,25 1,22
Ballistic catalyst ratio (%) 0,75 0,2 4 2,5 0,5 0

TABLEY 5 - F.fects of filler ratio,_ particule size distribution and ballis-
tic catalyst ratio at constant burning rate

Effect of particule size distribution

Particle size distribution is optimized for give the required burning
rate, in first, but also for a good processability. For a constant bur-
ning rate if it is directly dependant of the average particle size, it is
also in relation with balistic catalyst ratio. See results table 5.

. Effects of ballistic catalyst ratio versus pjarticle size distribution

Particle size distribution used in this propellant is a bimodal blend
using 10 and 90 ji or 10 and 200 ý±.
The results are shown on figure 6.
For the required burning rate, all these parameter were correlated and
used to determine along the constant burn line the best distribution
winch gives the minimum mix viscosity and longer Dot life for better
casting -if the graiI,.
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FIGURE C -M Ffcets of particle size distribution and ballistic catalyst
ratio on burning rate

HAZARDS AND SAFETY

The identification and evaluation of hazards and pyrotechnic effects in
manufactoring solid propellants are n-'•essary.
Consideration of the ignition conse(_iences sugge3ts modifications of
process conditions or plant instruction to minimize risk to personnel,
facilities, and product. Attempts to estimate the probable hazards of
handling a new propellant were based on correlation of available test
data with that of materials which had been processea successfully.

The results of different tests made Cn the uptimized propellant are
shown in iabie S.



Autoignition temperature 278 0 C
Impact sensitivity (High energy Shock) > 4 meters
Impact sensitivity (Julius Peters Appartus) 11 Joules
Friction sensitivity 203 Newton
Regression Speed (burning rate) at Patm < 1,6 mm/s
Detonability < I card
Electrostatic sensitivity No sensitive

Process and processibility

The composite solid propellant manu ýcturing system is shown in table
7. It is a typical block flow diagram. Noting that processability is an
important factor in propellant formulation which processibility deter-
mination is a function of the rheology of the propellant.
The different steps in propellant processing are binder preparation,
oxidizes preparation, propellant mixing, casting and curing. Processing
differences between size mixes are a source of propellant variation.
Frequently a new mixing cycle is optimized for each size mixer or ty-pe
(Sigma or Vertical). After optimization of the required specifications
propellant, for one mixing cycle adapted to one size mixer, the propel-
lant processing parameters are selected.
In our application and with different size industrial mixes since 5.
Gallons to 300 Gallons we have developed and demonstrated the feasibi-
lite of an HTPB propellant for Base-Bleed applications, and with a low
cost owing to the fact that we obtain many thousan grains by batch.

NDER INGREDIENTS OXIDIZER BLENDING]

CURING

TABLE 7 - Comrpos;ite solid pro pellant procvssing

CONCLUSION

Based on the initial formulati(ns an, the ruccess of ,their foregoing
evaluations a large-scale mix was prepared from horiz0t.a} nixer for
1000 kggs and Vertical "DAY" mixer for 2,' :0 kgs.
From thesL initial formulations, addit real modifications were introducf.dr
to evailiate proces,' and prociassibility -Jf th~e propellant. 154heologioal
properties, burning rate range c:tpabili.ly andfi mechanical properties
improvement were evaluated.
High volume manufactering have buen conduct ,d to provide reproduc-
tible process required for- the prodtorion of large ,t-ntit ; of bar.ýse-
bleed composite grain a* low cost.
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ABSTRACT

Concerning shell external ballistics, different technical solutions Lre
studied in order to improve aerodynamic performance of a sl ell. The
solution named base bleed consists in injecting a hot gas At a low
velocity into the depressional flow area.
Preliminary design of a base bleed propellant grain has to satisfy
requirements generahy expressed as a shell range increase regarding
available ge'ain volume. In order to adapt the propellant grain ballistic
performance to the shell trajectory conditions, two different investiga-
tions have been developed. The first investigation is essentially theore-
tical and consists in computer simulations of the flowfield near the shell
base with and without effect of subsonic injection.
The second investigation is more empirical and consists in analysing the
shell velocity evolution by means of radar measurements in order- to
determine drag reduction factor due to the base bleed effect. The or-
ganization of the developed ballistic computer codes and some results
are described in this paper. The results of the two studies give
ballistic data necessary for simulations of base bleed shell trajectories.

NOMENCLATURE

Theoretical approach
CD) C1 , C2  turbulence model parameters
(" specific heat at constant presisure

D diameter of projectile
D b diameter of exhaust port

f mixing ratio
H : total enthalpy
k : turbulent energy
M.: projectile Mach Number
N1K: molar mass of specie K
PC base pressure
p : local pressure
p : ambiant pressure

Qb :-iass flow rate



R : constant of perfect gases
SI : source term
T : temperature of gas
Tb : stagnation temperature of base bleed gas
uv : cartesien velocity components-
x,r : cylindrical coordinates
YK molar concentration of specie K
Y altitude
Y K mass fraction of specie K
E dissipation rate
P density of gas

dependent variable
turbulent exchange coefficient

St. : eddy viscosity
ýI i :laminar viscosity
Ok,c : turbulent Prandtl number

Empirical approach
CD : total drag coefficient
CDTOT : total drag coefficient without base bleed effect
CDRASE : base drag coefficient without base bleed effect
CRED : base dirg reduction factor
g : acceleration of gravity
I : injection parameter
m : projectile mass
M : roach number of projectile
r-0 : burning rate
S b : propellant burning area
SREF, SPASE reference area and base area of projectile

V projectile velocity
x,y range, altitude
() : air density
Pp: propellant density
e: trajectory angle

1 . INTRODUCTION

When a shell manufacturer designs a new projectile with a base bleed
device, the requirements are expressed as a shell range increase
according with the available grain volume- The first step in the
preliminary design of a base bleed grain is to derive propellant grain
configuration from shell performance. The designer has first to select a
grain internal shape and a propellant. Figure 1. shows general archi-
tecture of a new base bleed grain analysis.



[Propellant ..datal LG n internal shape-l

Base bleei configuration

Base flow calculation She eiocitanalysis

.Base drag reduction modelj

Trajectory prediction

FIGURE 1. Main flow chart

This paper presents the work performed in our company on different
methods to establish and to complete a base drag reduction model.

The theoretical approach starts with calculation of propellant thermo-
chemical properties [1). These calculated data are input data to simulate
afterwards base flows with base bleed effect.
The computer code used to simulate base flow solves Navier-Stokes
equations in cylindrical coordinates including a (k- E ) t~urbulence model.
A combustion model has also been developed in order to analyse the
effect of propellant gas afterburning in ambient air. To rimulate opera-
ting conditions of a base bleed gas generator, calculations are perfor-
med with and without a reactive injected flow. Results show the effect
of propellant gas on the shell base pressure and the dead air area
location. This approach is described in more detailr: in the chapter 2.
The empirical approach is based on gun firing test results and consists
in analysing the shell velocity evolution during base hleed operating
time. The computer code uses a simple external ballistic model. After
some gun firing tests, radar velocity measurements are performeu in
order to eve!uate 'total aerodynamic irag coefficient with and without
base bleed effect. Results all2w to determine base bleed grain efficiency
according with a shell configuration. This approach is described in the
chapter 3.
Computed results of these two investigations are used to compare balli-
stic performances of different base bleed configurations.
Further objective of this project is to establish a base bleed system
data base by means of results obtained with these zormpter codes.

2 . THEORErICAL., APPROACH OF THE PROJECTILE BASE FLOW

The complexity of base pressure calculation for an axisymmetric body
even without stabilizing fins or spinning is well known.
In the case of a projtAtile with base injcLtio.- of chemically reactive gas,
afterburning leads to additional problems. The objective of the present
work is to compute the steady re-•ctive flow behind the rear projectile
(Figure 2). To solve this problem, a numerical integration of Navier
Stokes equations has been used. In fact, this computer code initially
developed to simulate Rocket Motor Plumes has been modified to intro-
duce projectile base flow concept.
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FIGURE 2 Shematic of base area flowfield.

2.1. Governing equations

The original Navier Stokes equations are averaged and completed by a
(k-e ) turbulence model and a sknpliffied combustion model. For a two
dimensional, axisymnuetric, steady, turbulent flow the governing equat-
ions may be written in the general form :

ap~ 1 U( ( 1)~
+*- ! (prvy ) r" PL~ -(F¢'r-y) + T (Fr .r ) r = S (.)•x r ýr r ý

Where 4 represents the dependent variable, FD is the appropriate effec-
tive exchange coefficient fcr turbulent flow and S 1 is the corre-
sponding source term. The definitions of rF and S4) for the different
dependent variables (0 ) are listed in table 1.
The local pressure is determined using the equation of state

k=7
P o RT Yk (2)

SMk
k-1

Where R is perfect gas constant ans YK the mass fraction of specie K
and MK its molar mass.

The relation between enthalpy (H) and temperature (T) is given by

H --- (2 + v2 ) - k - h* + Cp.dT (3)
2T fT C

Cp, h* and IT" Cp.dT are given by tables from Ref. [21.
The gas contains seven species (CO, CO2 H29 HQ0, HCL, N2 , 02) and

the combustion model is based on the following reaction

CO + 112 + 02 -- > CO 2 + H 20 (4)



Conserved property S

Hass 1 0 0

x momentum U LP jU * ' ý • I r. v)

r momentum v ... +r
Sr_____SrrSr Sr )

total enthalpy H 0 0
SI A

"turbulent energy k ._ G - C

dissipation rate • I •-- (C j" t C2

f6 2~C +

c 0,09 ol = 1,14 C2  1,12 •, 2 1 1,3

"TABLE I - Definiition of ten"•



The atomic conservation equations and two linear relations between a
passi.ve scalar f and the mass fr-a-tion YO2 and YCO + YH2 provide the

gas composition f can be defined as the "mixing ratio" and it is conve-
nient [31 to assume the values zero and unity as boundary conditions. f
is given by
F. H H

Hb H

Where the subscripts - denote values in the external flow and b the
flow through exhaust port.

2.2. Solution procedure

A numerical code is used to solve the elliptic ]partial differential system
of equations given by (1) and table (1) with the appropriate boundary
conditions.
This code uses a numerical scheme due tc Patankar [4] with a modifica-
tion to include gas compressibility Cfect.. In the numerical code, the
flow area ABCD (Figure 2) is divided in a rectangular grid.

2.3. Predictions

Different data ..re necessari- to calculate the flowfield
- Two geomei ,. ical ý,arameters, the diameter of the projectile (D) and

the d.1ameter of tle exhaust port (Db) (Figure 2).

- The aPItude (Y) and the Mach Number (M ) of the projectile.
- Gas compo~dtion (CO, ý 2' 12' H2 0, HCL, N2 ), mass flow rate

S(Qb) and stagnation temperature (Tb).
A series of computations have been carried out for 105 amm projectile at
Mach Number 1,66 and 1,28 for altitude Y = 1210 m ond Y = 3000 m,
reslp.ectively. The calculations simulate operating conditions of an expe-
rimental base bleed gas generator. The injection of mass flow is provid-
-d by the combustion of composite propellant, and a chemical equilibr-
i,-m calculation near the ambiant pressure gives stagnation temperature
(Lame temperature) and combustion product composition.

For the prcsent case the results are
Tb x 2290 K

x(CO) 0,248 x(Co 9 ) 0,0534 x(H 2 ) = 0,217

x(H 2 0) (-,256 x(HCL) 0,147 x'N2) = 0,075 (molar concen-

tration for one mol of gas)
To estimate the base bleed effect, we have computed the base pressure
(ye) w~th the following assumption

PC [ 2T rp.dr (6)

Where p is the pressure given by predictions near the projectile, S its
section.



First calculation has been performed without injection for M-= 1,28 and
M = 1,66. In this case, Figure 3 shows the stream function contours
and Figure 4 the pressure function contours in MPa* The results are

presented in an adimensionalized coordinate system (X/D, Y/D).
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FIGURE 3 - Stream function contours without injection. Mach = 1,66
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FI(GURE 4 - Pressure function contours- without iTection. Mach 1,66

Now, an injection is specified (Db 30 mm) with Qb = 18,5 g/s for M.

= 1,28 and Q b = 25,8 g/s for M. 1,66. To examine the afterburning

effect on the base pressure, we have considered at first an inert flow
(without reaction (4)) and then a reactive flow. For the case Mc= 1,66



and Qb = 25,8 g/s Figure 5 shows the stream function contours taking
into account an inert flow or a reactive flow. Figure 6 and Figure 7
show the pressure function contours in UPa and the temperature functi-a
on contours in Kelvin for an inert flow. Figure 8 and Figure 9 show the
same variables for a reactive flow.
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FIGURE 5 - Stream function contours with inert flow
Mach = 1,66 Qb= 25,8 gls
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FIGURE 6 - Pressure function contours with inert flow
Mach = 1,66 Qb = 25,8 g/.
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FIGURE 7 - Temperature function contours with inert flow
Mach 1,66 Qb= 25,8 gls
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FIGURE 8 - Pressure function contours with reactive .low
Mach = 1,66 Qb = 25,8 gls
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FIGURE 9 - Temperature function contours with reactive flow
Mach = 1,66 Qb = 25,8 g/s

Table 2 gives the pressure ratio (pc/p -) for the different cases stu-
died with this computer code

Without injection With injection

Qb = 0 inert fluid reactive fluid

TM- = 1,28
Y = 3000 m 0,68 0,77 0,85
Qb = 18,5 gls

M. = 1,66
Y = 1210 m 0,57 0,69 0,80
Qb = 25,8 g/s

TABLE 2 - Pressure ratio (pc/p -) for different calculated cases.

3 . EXPERIMENTAL INVESTIGATION : GUN FIRING TEST ANALYSIS

3.1. Description of the method

The method used for the gun firing test analysis is divided in two main
steps.
Step 1. We determine total drag coefficient vs Mach Number from pro-
jectile velocity on its trajectory.



Step 2. Comparing total drag coefficient with and without base bleed
effect enables to calculate base bleed reduction effficiency.
For each total drag coefficient calculation the block diagram of modules
is the same as the one presented in Figure 10.

Input : experimental velocity vs time curve

Polynomial smoothing Velocity
Input test

- ~I
projectile mass =Dracoefficient calculation
caliber
initial elevation Curve
atmospheric C vs Mach
conditions -- I =Ti-a'ectory data prediction ]"Velocity X

FOutput of results

FIGURE 10 - Block diagram of modules

The function of each module is briefly described.

Polynomial smoothing module : Experimental velocity curve is smoothed
by means of polynomial functions. At each time step in the curve, we
calculate smoothed velocity and its derivative versus time (t). Chan-
ging the degree of polynomial functions allows to respect a given
criterion between calculated velocity and experimental velocity.

Module of total drag coefficient calculation : total drag coefficient may
be calculated from the equations of an external balistic model. The
projectile motion is confined to the XY-plane and is given by the equa-
tions of motion

Drag equation mV - mgsine - 2 p" SREF..D( (7)
Lift equation mVe= - mgcose (8)

Kinematical relations and an equation of projectile mass balance for base
bleed configuration complete this model.

k = V cose (9)
ý = V sine (10)
fi = pp S B.r (ri)

Initial conditions are given by gun firing test conditions (elevation and
muzzle velocity measurements).
The calculation procedure is as follows. Equations (8) (9) and (10) are
solved using a Runge-Kutta scheme and determine x,y and 8 variables.
These data and polynomial smoothing results are used to compute total
drag coefficient vs Mach Number using equation (7). Note that the
projectile mass with a base bleed gas generator is estimated by means of
propellant mass flow calculation (11).



Module of trajectory data calculation : then the calculated total drag
coefficient curve is an input date. Equations (7) (8) (9) and (10) are
solved using a Runge-Kutta scheme and give V,x,y and 8 variables. By
an iterative procedure we adapt total drag coefficient in order to res-
pect a given criterion between predicted and observed velocity.

The comparison of total drag coefficient with and without base bleed
effect is based on the Swedish approach of Ref. [5]. The drag coeffi-
cient of the projectile during base bleed operating time is

CD = DTOT - RED x CDBASE

Where CD total drag coefficient with base bleed effect.
CDTOT = total drag coefficient without base bleed effect.

CRED = base drag reduction factor.

C DBASE = base drag coefficient without base bleed effect.

CRED is considered as a polynomial function of Mach Number and of an

injection parameter I defined as the ratio of the propellant mass flow
through exhaust port to the mass flow of air through the section of the
shell base.
Then, base pressure (pc) may be calculed from the expression given by
Ref. [5].

(1 - CRED) CDBASE
pc = p. [1 - 0,7 . M2]

SBASE sREF

Where p = free stream pressure

SREF' SBASE = reference area and base area of the projectile

CRED' CDBASE, M = ballistic data from the range calculation

3.2. Some examples

These results are proposed to illustrate code capabilities.
Table 3 shows an example of velocity comparison for a 155 mm projec-
tile.

Time of flight Experimental Smoothed Calculated Predicted
"(s) velocity velocity CD (M) velocity

-- _ _ _ __ _ _ _ _ __ _ _ _ _ (mis)

0 783.1 783.0 0.241 (2.30) 783.1
5 610.2 610.2 0.274 (1.82) 609.3

10 499.3 499.4 0.290 (1,51) 493.2
15 423.1 423.2 0.311 (1.29) 421.7

TABLE 3 -- Velocity comparison



Figure 11 and Figure 12 show experimental velocity and calculated total
drag coefficient for a 105 mm projectile with and without base bleed
effect.
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FIGURE 11 - Experimental velocity versus time
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FIGURE 12 - Calculated total drag coefficient versus Mach Number



Figure 13 shows pressure ratio (pc/p- ) and base drag reducticn factor
(CRED) as a function of injection parameter (I) and Mach Number (M).
The method to determine (CRED) is to suppose that base drag coeffi-
cient without base bleed effect (CDBASE) is 40 % of (CDTOT).

o 700&TI

M1fl= 1. 6 ~

N1=2
So ioo - -_ _ _ _ _ _ _ _ _ __ __ _ _ - _ _ _ __ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _

0 32

FIGURE 13 - Pressure ratio and base drag reduction factor versus
injection param2ter and Mach Number

4 . CONCLUSION

Different computer codes have been developed in order to study effect-
iveness of base bleed systems. An intensive use of these programs wil
allow to quickly perform preliminary desig-n of base bleed grains.
Calculations are computed now to analyse tendencies or to compare
results of different base bleed configurations by acting on rnjected mass
flow rate, propellant gas composition. Pressure ratio results (pc/p.,)
show a good concordance between the two presented methods.
Further studies will consist in improving conditions of simulation.
1 - Theoretical approach : boat-tail cone effect, comparison with wind
tunnel tests.
2 - Empirical approach : good knowledge of aerodynamical data such as
base drag coefficient.
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